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ABSTRACT 
Hydrogen is widely used in petrochemical industries as a feedstock for the production of 
other chemicals and is considered as economical and environmentally safe for industrial use. 
However, the existing production of hydrogen from natural gas steam reforming is not 
sustainable due to the depleting feedstock of natural gas.  One of the proposed strategies to 
overcome this issue is to utilise oxygenated hydrocarbons derived from biomass sources that 
have undergone similar reforming. In this doctoral research, it is of interest to see whether the 
selected oxygenates, i.e. ethanol, ethylene glycol, propylene glycol and glycerol, are able to 
be co-fed with natural gas in a steam reforming process in the future. It is also aimed to 
determine whether a cost-effective catalyst can be used to produce high yields of hydrogen 
from these oxygenates. In addition, this catalyst is hoped to be stable for long operational 
hours. For the purpose of this doctoral research, simulation studies and experimental work 
were carried out to investigate the thermodynamic properties of the steam reforming reaction 
of ethanol to glycerol homologues and the catalytic activity of Ca doped Ni/Al2O3 catalyst to 
the respective process. The simulation studies involved thermodynamic equilibrium analysis 
using the Gibbs energy minimisation method via Aspen-HYSYS. It was discovered that 
ethanol and ethylene glycol might produce high hydrogen yield since both hydrocarbons have 
two carbon atoms, hence the reactions are not as complex as propylene glycol and glycerol. 
The experimental studies were conducted for all four oxygenates using a commercially 
available catalyst, known as Hi-FUEL R110 (Hi-FUEL). The main purpose of these 
experimental studies was to investigate the reaction feasibility and make comparisons against 
the simulations. The catalyst used for these experiments consisted of nickel (18 wt. %), 
calcium (12 wt. %) and alumina. Hi-FUEL was tested with variable parametric studies in 
glycerol steam reforming (effect of space-time, reaction temperature, steam partial pressure) 
to identify the intermediates produced in the reaction, and, eventually, to understand the 
reaction pathway of glycerol reforming via this particular catalyst. Some other catalysts were 
also prepared (xCa/Al2O3 and 15 wt. % Ni on xCa/Al2O3) and characterised. These catalysts 
were tested for glycerol steam reforming, together with another commercial catalyst of 
Ni/Al2O3 to validate the reactions involved in the Hi-FUEL catalyst and to further optimise 
the calcium doped nickel/alumina catalyst for the high selectivity of hydrogen. The spent 
catalysts were analysed to quantify any coke formed on the surface of the catalyst. This work 
revealed that a high hydrogen yield and selectivity could be achieved over a Ca doped 
Ni/Al2O3 catalyst in comparison to the typical Ni/Al2O3 catalyst. However, a high CO yield 
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was produced with an increasing Ca/Ni ratio due to the hydrogenolysis reaction. It should be 
highlighted that hydrogenolysis was found to be favourable under the influence and presence 
of calcium. The coke formed was mainly from CO as its precursor, which, in turn, produced 
amorphous and filamentous carbons that are not only easily regenerated but would not easily 
deactivate the catalyst. Due to the discovery of value added chemicals as the intermediates 
from this study and their reaction pathways, it is recommended that the Ca doped Ni/Al2O3 
catalyst be tested in the aqueous phase reforming as part of the integrated bio-refinery 
concept in the future. 
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 CHAPTER 1: INTRODUCTION 
The pursuit for a greener environment and the struggle to reduce the dependency on fossil 
fuels has driven mankind to devise better energy solutions. Some of the effective solutions to 
combat the problem of fossil fuel dependency are the introduction of renewable energy, such 
as solar energy, wind power and biomass. Extensive research has proven that renewable 
energy not only extends the shelf life of the exhausting non-renewable fossil fuel but also 
reduces the level of carbon dioxide in the earth’s atmosphere. Renewable energy sources, 
however, are generally located at some specific locations. Although they are readily 
available,  these sources are intermittent, such as solar and wind energy, and therefore 
unstable [1]. The International Energy Agency (IEA) predicts an increasing share of primary 
energy used from renewables in the future due to support from the government, the falling 
costs of renewable energy, change in the price of CO2 emissions in certain regions and the 
rising price of fossil fuels in the long-term [2]. 
 
Figure 1.1: Alternative world energy outlook until 2100 – Total primary energy supply [3] 
Figure 1.1 illustrates the future prediction of the total primary energy supply from non-
renewable energy sources, such as oil, gas and coal. As demonstrated, the primary energy 
supply is estimated to reach the maximum peak within a few years, and, subsequently, 
decline in the coming few decades. In the future, renewable sources will become more in 
demand and are predicted to become the primary energy sources of the next century.  By 
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2090, significant portions of primary energy supply are predicted to be generated from wind 
power, solar energy and biomass.   
One possible energy solution is the utilisation of hydrogen, always known as the energy 
carrier since the hydrogen atom cannot exist on its own. On planet Earth, hydrogen is found 
bonded as part of the molecules of water, hydrocarbons and organic materials [4], and, hence, 
external energy is required to extract the hydrogen atoms [5]. Hydrogen has been identified 
as an ideal, sustainable energy carrier due to its abundance and high energy density [3, 6, 7]. 
Conventionally, it is produced from natural gas reforming and coal gasification [8]. 
Approximately 96% of world hydrogen comes from fossil fuels [9]. Utilising hydrogen as an 
energy carrier in the future is very beneficial as it preserves the environment, is economical 
and can be safely handled [10-12].   
Figure 1.2 depicts the supply and demand of hydrogen based on the European Commission 
Model in 2003 [13]. With the recent development of fuel cell technology and the need for 
alternative energy, it has been widely researched and investigated that hydrogen can be 
produced by using various technologies and from a number of sources, such as biomass, 
solar, wind, hydro and nuclear energy, i.e. from the renewables as mentioned earlier. 
Hydrogen can also be produced from liquid fuels originating from biomass, which can 
undergo similar technology as natural gas reforming. In addition, these fuels are mostly 
derived from sustainable sources that contain oxygen, also known as oxygenated 
hydrocarbons [8]. The main emphasis of this research work is represented by a tiny black 
spot as seen in Figure 1.2 and the output of hydrogen is focused by a tiny white spot with a 
black outline on the same model.  
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Figure 1.2: The hydrogen supply and demand model [13] 
Prior to the consumption of hydrogen for the fuel cell and transportation era, large amounts of 
hydrogen were used as a feedstock for other chemical productions.  Hydrogen is consumed in 
ammonia production, petroleum refining industry and methanol production [14, 15]. 
Hydrogen for petrochemical utilisation came in fourth place in which hydrogenolysis and 
hydrogenation account for most of the hydrogen consumed in this industry [15].  This is 
provided on a large-scale from the steam reforming of natural gas as well as the by-product of 
petroleum refining and chemical production, mainly from the catalytic reforming process 
[16]. In nature, natural gas is not sustainable; therefore, the utilization of alternative fuels, 
such as oxygenated hydrocarbons from biomass, is not only a sustainable source but can be 
found in abundance.  The biomass can be transformed into different fuels in solid, liquid or 
gas forms by applying different technologies, namely, pyrolysis, gasification, reforming and 
other bio-based processes.  
Reforming is a well-developed thermal technology in which the desired product is mainly 
hydrogen (H2) with carbon dioxide (CO2), carbon monoxide (CO) and methane (CH4) being 
the usual side products. The reformer’s effluents can be varied either thermodynamically or 
by using different types of catalysts to obtain a high yield of H2 or syngas.  To date, many 
reforming processes utilising oxygenated hydrocarbons have been researched. These include 
dry gas reforming, also known as CO2 reforming, steam reforming, hydrothermal reforming 
(also known as aqueous phase reforming), partial oxidation and autothermal reforming [1]. 
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Among the growing interests of oxygenated hydrocarbons undergoing reforming 
technologies are the short chain alcohols (monohydric alcohols), such as methanol and 
ethanol (or bio-ethanol)[17-21], and polyhydric alcohols, such as glycerol [22-25]. The 
biomass oil (bio-oil), which is obtained via pyrolysis activity, may also be used to undergo 
the reforming process, however, the bio-oil consists of a more complex mixture that may 
include aldehydes, ketones and carboxylic acids [26]. Most of these mentioned oxygenates 
can be obtained from biomass derivative products [27, 28]. Glycerol (C3H8O3), as an 
example, is a by-product of biodiesel production [28, 29]. Glycerol is widely used in many 
applications including personal care, food, oral care, tobacco, polymer and pharmaceutical 
applications [30]. However, the crude glycerol that is obtained from biodiesel production has 
to undergo an energy intensive distillation process to purify glycerol to an acceptable purity, 
which is costly [28]. Avasthi et al. [29] reported that, at the moment, biodiesel production is 
costlier than the petroleum diesel, and that one of the ways to reduce the cost is to utilize the 
by-product (glycerol) effectively, which is further supported by Quispe et al. [31]. 
There are still many challenges that have not been fully addressed in catalysis and reaction 
engineering of oxygenates, such as the most effective reformer design, its performance 
efficiency as well as the catalyst development. The techno-economic assessment of these 
oxygenates is not widely reported except for several general biomass compounds, such as 
ethanol, glycerol and bio-oil [32-34]. In terms of the technical aspects, among the challenges 
that are yet to be tackled at this stage include the deactivation, resulting from coking of the 
catalyst, metal sintering of the catalysts at high temperature, high CH4 selectivity that leads to 
difficulties in product separation and non-ideal reactors. Other challenges may comprise 
determining the mechanisms and kinetics of the process as well as intensifying the 
conventional technology to accelerate the hydrogen production. Although some of the 
catalysts may give high yield and selectivity of the desired products, the cost may be 
expensive and unfeasible to be utilized on an industrial scale.  
The aim of this research work is to investigate the feasibility of oxygenated hydrocarbons 
reforming via commercially available catalysts and to understand the reaction pathways to the 
final desired products. This catalyst is made for natural gas reforming and if this could be 
used for oxygenated hydrocarbons, a further cost saving in catalyst development could be 
made. It is of future interest to investigate whether these oxygenated hydrocarbons can be co-
fed to the existing natural gas reforming facilities for a sustainable hydrogen or syngas 
production.  However, the reaction mechanisms and thermodynamic properties of the 
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oxygenated hydrocarbon reforming require a thorough investigation. In addition, some 
modifications of the catalyst will be made to ensure a reasonable cost effective catalyst could 
be used.  
1.1 Research Objectives 
The specific objectives of this research are: 
1.1.1 To implement a thorough literature review on general reforming technology, 
specifically on oxygenated hydrocarbons reforming, reactors and catalyst 
development and their challenges.  
 
Initially, the available reforming technology will be touched upon, such as steam 
reforming, autothermal reforming, dry / CO2 reforming, aqueous phase reforming and 
partial oxidation, as researched by previous researchers. It is essential to identify the 
strengths and weaknesses in each process and compare them against each other. In 
these comparisons, oxygenated hydrocarbons are the main subject matter. Oxygenated 
hydrocarbons utilised by other researchers will also be surveyed. The reactors and 
catalysts developed by other researchers are studied in terms of the reactor efficiency 
and catalytic activities. Finally, the challenges posed on the reforming technology and 
oxygenates used, as well as the reactors and catalysts selected are elucidated. 
Sintering and coking are two main issues in oxygenated reforming, but the main focus 
will be on carbon deposition on the catalyst surface, which potentially deactivates the 
catalyst. 
 
1.1.2 To conduct a thermodynamic equilibrium study of the oxygenated hydrocarbons 
reforming of choice for comparison with the experimental work. 
 
Thermodynamic equilibrium study is essential to indicate the achievable selectivity 
and yield of any process with specific conditions and parameters. Aspen-HYSYS is 
used for this purpose. The results are used to assist the experimental works carried out 
to ensure the results are deemed reliable. This also provides guidance for future 
kinetic studies to ensure that a correct regime is selected for the kinetic evaluation, i.e. 
catalyst activity not approaching equilibrium. In addition, a better catalyst comparison 
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can be conducted in the future while the equilibrium line acts as the baseline or target 
to be achieved.  
 
1.1.3 To explore, evaluate and screen the suitability of oxygenated hydrocarbons for steam 
reforming via a fixed bed reformer using nickel based catalysts. 
 
The selected oxygenates are ethanol, ethylene glycol, propylene glycol and glycerol, 
which are interrelated as a series of homologues. These homologues represent a series 
of poly-ols consisting of mono-ol (ethanol), di-ol (ethylene glycol and propylene 
glycol) and tri-ol (glycerol). These oxygenates will be tested on steam reforming 
technology using a nickel based commercial catalyst, which is usually used for 
methane/natural gas steam reforming and compared against thermodynamic 
equilibrium data. The main interest will be the yield, selectivity and CO/CO2 ratio of 
the primary gases (H2, CO2, CO and CH4) in each reaction set at a specific catalyst 
loading and parameters and to comment on the suitability and feasibility of these 
oxygenates for steam reforming based on experimental results.  
 
1.1.4 To explore and elucidate the reaction pathway and mechanism for glycerol as the 
selected oxygenated hydrocarbons steam reforming over the commercial catalyst 
selected and compare with other findings.  
The glycerol steam reforming is assumed to consist of complex multiple reactions. 
Therefore, understanding the reaction pathway to yield the final products over a 
commercial nickel based catalyst is an interesting discovery to be made. Although 
many works have been carried out previously on glycerol steam reforming, to date, 
very few works have addressed the reaction pathway. By understanding the reaction 
pathway, the catalyst modification could be carried out to address the challenge that 
might appear via an existing commercial catalyst.  
1.1.5 To investigate, prepare, characterize and test nickel catalysts to enhance hydrogen 
production from the glycerol steam reforming and compare with the previously used 
commercial nickel catalyst.  
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After the steam reforming of glycerol is carried out via the nickel based commercial 
catalyst, a similar type of catalyst is intended to be prepared and characterised with 
some modifications (with a different weight percentage of promoter’s loading) for 
comparative studies. The outcome of this test will highlight the capability of the 
commercial catalyst in oxygenates steam reforming as well as the influence of the 
promoter on the catalyst. Some of the catalysts will also be prepared solely to 
investigate the role of different components to the glycerol steam reforming reaction. 
 
1.1.6 To study the coke formation in the reaction involves one of the main challenges in 
steam reforming of oxygenated hydrocarbons. 
 
One of the main challenges that need to be addressed in oxygenated hydrocarbons 
steam reforming is the formation and deposition of coke on the catalyst’s surfaces. 
The deposition of coke may lead to catalyst deactivation, hence affecting the final 
yield of the intended products. The study will address the quantity and type of coke 
deposited on a similar type of catalyst tested on different oxygenates in various 
conditions. It will also address the coke deposition on different types of catalyst tested 
on glycerol steam reforming. The study can be concluded by investigating whether 
the catalyst used can be easily deactivated in the presence of carbon or not.  
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1.2 Thesis Description 
This thesis will discuss the steam reforming of oxygenated hydrocarbon homologues, namely 
ethanol, ethylene glycol, 1,2-propylene glycol and glycerol, over nickel/alumina catalysts 
promoted with calcium. The work is based on experimental work augmented by 
thermodynamic and kinetic simulations and analysis.  
The first chapter of the thesis provides the background and objectives of the study, followed 
by the second chapter describing the literature pertinent to the subject matter.  
In chapter three, a thermodynamic analysis is presented of the steam and autothermal 
reforming of oxygenated hydrocarbon homologues using a Gibbs free energy minimisation 
method. The simulation results are discussed and compared with the literature.  
The devised experimental methodology is provided in chapter four. This chapter covers the 
catalyst preparation and characterisation as well as the general rig setup for the reforming 
reactions, highlighting the associated operating procedures.  
In chapter five, the steam reforming of ethanol to glycerol homologues over a commercial 
catalyst (Ni-Ca/Al – Hi-FUEL) is presented. The effect of space-time on the conversion and 
product selectivities for ethanol steam reforming, and effect of temperature on the steam 
reforming of all selected homologues (including ethanol) is discussed and elaborated upon.  
Chapter six specifically discusses glycerol steam reforming over commercial Hi-FUEL 
catalysts since glycerol reforming involves a complex, multiple reaction network. The effects 
of space-time, temperature, steam partial pressure and time on stream are quantified. The 
importance of considering hydrogenolysis reactions to describe the intermediates formed is 
highlighted. Finally, a detailed comparison of the activity and selectivity of the commercial 
catalyst with that of a typical unpromoted Ni/Al2O3 catalyst is made.  
In chapter seven, the commercial catalyst together with the synthesized, unpromoted 
Ni/Al2O3 are compared with catalysts consisting of xCa/Al2O3 and Ni-xCa/Al2O3  
(with x ranging from 3 to 7 wt-%) in order to identify the optimum calcium loading yielding 
the highest hydrogen selectivity.  
In chapter eight, the carbon formation/deposition rates onto the catalysts’ surfaces are 
quantified for all catalysts and all oxygenated hydrocarbon homologues.  
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The thesis concludes with chapter nine in which the major findings are summarised; 
suggestions for future lines of work are made and detailed recommendation are given. 
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CHAPTER 2:  LITERATURE REVIEW 
This chapter will provide a broad review of the previous works carried out by other 
researchers focusing on oxygenated hydrocarbons of choice, reforming technologies, 
thermodynamic analyses of respective reforming technologies, catalyst and reactor 
development associated with reforming reactions, and, finally, the challenges in the 
reforming of oxygenated hydrocarbons.  
2.1 Oxygenated Hydrocarbons 
Oxygenated hydrocarbons are considered to be one of the potential sources of fuel for the 
reforming technology to complement the utilisation of natural gas (methane). The growing 
interest in oxygenated hydrocarbons includes the short chain alcohols (monohydric alcohols), 
such as methanol and ethanol (or bio-ethanol), and polyhydric alcohols, such as glycerol, due 
to their availability from bio-derivative resources, which means that they can be sustainably 
produced. The biomass oil (bio-oil), which is obtained via pyrolysis activity, may also be 
reformed [1]. The bio-oil may include aldehydes, carboxylic acids and ketones; however, the 
reactions involved are complex and may lead to deactivation via coking of the catalyst [1]. 
For the purpose of this doctoral research, particular attention is focused on four main alcohols 
forming a series of poly-ols homologues: ethanol (mono-ol), ethylene glycol and propylene 
glycol (1,2-propane diol) forming di-ols and glycerol (tri-ols).  
2.1.1 Ethanol 
Since the steam reforming process is an endothermic process [2], which requires a high 
temperature [3], it is highly beneficial to use oxygenated hydrocarbons as the fuel source to 
complement the amount of heat used, and, ultimately, save the heating cost. Among the 
alcohols that are beneficial for reforming is ethanol. Ethanol (C2H5OH) has a relatively high 
hydrogen content, is widely available, non-toxic and can be stored and handled safely [4]. 
The boiling point of ethanol is 78.4 
o
C and the industrial practice of ethanol production is via 
hydration of ethylene between 250 – 300 oC and 5 – 8 MPa [5]. However, the reaction is 
reversible and there is a possibility that ethanol may dehydrate to form ethylene. In addition, 
ethanol can be produced not only from fossil fuel sources, but by fermentation of biomass 
sources, such as agricultural wastes or municipal solid waste (MSW) [4] and is often called 
bio-ethanol. The United States and Brazil are currently the leaders of bio-ethanol production, 
and accounted for approximately 50% and 38% of the total world fuel production in 2007 [6]. 
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 2.1.2 Glycerol  
Glycerol is an odourless, clear when it is pure, highly viscous, sweet-tasting liquid and has a 
boiling point of 290
 o
C. Usually, native glycerol, also known as natural glycerol, is produced 
from transesterification reaction as well as saponification reaction. Synthetic glycerol 
however is produced from propene [7]. With the increased production of biodiesel, a surplus 
of glycerol is expected in the world market, and, therefore, it is essential to find useful 
applications for glycerol [8]. Glycerol is widely used in many applications including personal 
care, food, oral care, tobacco, polymer and pharmaceutical applications [9]. In order to be 
used in personal care, pharmaceutical and food industries, glycerol has to undergo an 
expensive distillation process; however, the low price of glycerol makes it uneconomic to do 
so [10]. At present, most of the crude glycerol obtained from biodiesel plants is sent to water 
treatment for digestion, however, this process is slow, expensive and has low yield [11] By 
observing the current condition, it is obvious that there is a major need to find an alternative 
use for glycerol.  
2.1.3 Ethylene Glycol and Propylene Glycol 
Another two more components that are of interest are ethylene glycol (C2H6O2) and 1,2-
propane diol (C3H8O2), also known as propylene glycol. These poly-ols are part of the 
glycerol building block. Ethylene glycol is a clear, colourless and viscous liquid with a 
boiling point of 197.6 
o
C. It is widely used as an anti-freeze in car radiators since it can easily 
lower the freezing point of water. Additionally, it is a commercially important raw material 
for the manufacturing of polyester fibres [12]. At the industrial scale currently, the widely 
used method of ethylene glycol production is via non-catalytic thermal hydrolysis of ethylene 
oxide, which is a product of the direct oxidation of ethylene in air or oxygen.  
Propylene glycol has a similar property to ethylene glycol, as reported by Sullivan [13]. It is a 
clear, colourless and strongly hygroscopic liquid, which is more viscous than ethylene glycol. 
In addition, propylene glycol is readily biodegradable. The boiling point is slightly lower, i.e. 
187.9 
o
C. Propylene glycol is highly demanded as feedstock in the development of polyester 
resins. Propylene glycol is also widely used in the food, pharmaceutical and cosmetic 
industries since it is generally regarded as safe (GRAS), as approved by the FDA United 
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States [13]. Sullivan further adds that direct hydrolysis of propylene oxide with water is the 
only practical and industrially accepted method for propylene glycol production.  
 
2.2 Reforming technologies 
Reforming is a well-developed technology for converting hydrocarbon into molecular 
hydrogen, and carbon dioxide or syngas (hydrogen and carbon monoxide) at a high 
temperature of usually between 400 to 800 
o
C. Generally, several main reactions occur during 
the reforming process. However, it is vital to be aware that reforming technology is highly 
dependent on the type of reactant used during the process. Hydrogen (H2) and carbon dioxide 
(CO2) are normally released as the main products of a full reactant conversion. However, 
there are times that carbon monoxide (CO) and methane (CH4) may also be produced during 
the process. To date, considerable reforming research and developments have been 
implemented. These include steam reforming, dry gas reforming, also known as CO2 
reforming, hydrothermal reforming (also known as aqueous phase reforming), partial 
oxidation and autothermal reforming.  
2.2.1 Steam Reforming 
Steam reforming is the most common and deep-rooted reforming technology, and is well 
developed in the petrochemical industry to convert natural gas (mainly methane) into 
hydrogen. This reaction is endothermic in nature.  Many research works have focused on 
improving the performance of this technology using other hydrocarbons, e.g. oxygenated 
hydrocarbons (e.g. methanol, ethanol, glycerol, dimethyl ether) or heavier hydrocarbons (C3 – 
C10 components).  
For oxygenated hydrocarbons, the stoichiometric reaction mechanism is as follows: 
                        
         
 
                                                  (2.1) 
In a complete conversion of an oxygenated hydrocarbon, the reforming reaction is normally 
accompanied by a water gas shift reaction, as follows: 
                   (      
  = -41.2 kJ/mol)             (2.2) 
Steam reforming is usually carried out at high temperature (400 – 800 oC) and atmospheric 
pressure, but, sometimes, at elevated pressure for industrial practice [14]. The operating 
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temperature depends on the type of reactants of which higher hydrocarbon chains would 
require a higher reaction temperature for better conversion. Nonetheless, this is limited to the 
ability of the catalyst (usually a metal catalyst) to withstand the temperature from sintering. 
Although this technology is highly preferred since it is an established technology with 
minimum by-products, this process requires intensive energy input to sustain the operating 
temperature. 
In addition, the challenges of this technology are often associated with catalyst deactivation 
resulting from metal sintering at high temperature as well as coking, which is also linked with 
thermodynamic limitations and catalyst activity. For most of the oxygenated hydrocarbons, it 
is common to have a lower hydrogen selectivity, which is associated with decomposition of 
components at high temperature, dehydration resulting from insufficient steam and 
dehydrogenation. These side reactions may lead to the formation of alkanes, alkenes, 
aldehydes and ketones, for which coke may finally form on the catalyst surface, hence 
contributing to catalyst deactivation.  
Taking ethanol as an example of oxygenated hydrocarbons for steam reforming reaction will 
generally follow this stoichiometric reaction: 
                (      
  = 174kJ/mol)                      (2.3)  
However, this is not a straightforward reaction as there are several intermediates formed 
during this process depending on the catalyst used and the thermodynamic properties.  
Casanovas et al. [2] and Zhang et al. [15] reported that during the reforming process, ethanol 
is highly favoured to undergo ethanol dehydrogenation, which forms acetaldehyde as the 
reaction intermediate. This is possible since dehydrogenation of ethanol, even though it is an 
endothermic reaction, is at a lower magnitude compared to the endothermic steam reforming 
process, and thus the choice of catalyst is highly crucial to route the reaction to the desired 
products [4].  Dehydrogenation of ethanol follows this stoichiometric reaction [16]:  
                   (      
  = 68.9 kJ/mol)            (2.4) 
                                                                                                                  
Acetaldehyde undergoes decomposition to methane and carbon monoxide, respectively: 
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                 (      
 = -19.2 kJ/mol)                   (2.5)  
 
Otherwise, acetaldehyde may undergo steam reforming, as follows: 
                     (      
   = 296.5 kJ/mol)              (2.6)  
 
If reaction (2.5) has high methane selectivity, eventually, CH4 will undergo steam reforming 
to produce hydrogen with CO2 and/or CO, as shown in equations 2.7 and 2.8. CO will further 
undergo water gas shift reaction (WGS) to produce CO2 and H2, as shown earlier in equation 
(2.2).  
                     (      
   = 165 kJ/mol)            (2.7)  
                  (      
   = 206 kJ/mol)                 `                (2.8)  
 
The temperature range for operating ethanol steam reforming is quite wide, ranging from  
300 – 650 oC [15, 17-19]. With the presence of a catalyst, it is possible to achieve complete 
conversion of ethanol at 350 
o
C and at atmospheric pressure, whilst a non-catalytic reaction 
may require a higher temperature for a complete conversion [19]. 
Glycerol steam reforming research work has been reported by many researchers [9, 20-38]. 
Glycerol steam reforming follows this stoichiometric reaction: 
                (      
   = 128 kJ/mol)                       (2.9)                      
 
There are a few possible routes of reactions, depending on the type of catalyst and conditions 
provided to the system, e.g. sufficient steam to fuel ratio as well as operating temperature. 
However, most of the research works reported that glycerol decomposed into acetaldehyde, 
propanal, acetone, acrolein and other short chain alcohols, resulting from competing 
dehydration and dehydrogenation [31, 39]. Chiodo et al. [27], however, reported that glycerol 
underwent the phenomenon of pyrolysis at high temperature in which it was decomposed into 
primary and secondary pyrolysis products prior to reaching the catalyst surface. Thus, 
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reaction (2.2), (2.8) and glycerol decomposition, as shown in equation (2.10), may occur 
apart from the glycerol steam reforming reaction: 
                               (      
   = 251 kJ/mol)          (2.10) 
 
Other possible decomposition reaction resulting from dehydration of glycerol to 3-
hydroxypropanal, which becomes the precursor of acrolein formation [40]:  
  
           
→                  (      
    = 450 kJ/mol)       (2.11) 
 
           
→                 (      
    = -36 kJ/mol)               (2.12) 
According to Chiodo et al. [27], acrolein may further decompose into aldehydes and ketones 
whilst ethane may decompose into ethylene and form coke at the end of the reaction.  
Chiodo et al. further reported on blank test results (without the addition of a catalyst) at high 
temperature (800 
o
C). At this temperature and above, glycerol is not stable and decomposes 
into several compounds among which ethylene is the intermediate of coke formation. 
Ethylene is formed from C-C cleavage, which leads to the formation of CH2(OH)-CH(OH) 
and CH2-OH radicals. These radicals lead to the formation of more stable compounds, such 
as C2H4, H2 and CH4. In Chiodo’s research work, a huge amount of CO and CH4 is formed as 
by-products associated with the large formation of acetaldehyde and its decomposition 
products. However, CO2 is much lower, which suggests that the water gas shift reaction 
(WGS) did not take place and that the 10% production of H2 is only based on the 
dehydrogenation reaction. Zhang et al. [9] further confirmed that methane production is 
highly favourable during glycerol steam reforming as a result of the decomposition of 
glycerol.  
Slinn et al. [41] demonstrated that steam reforming of pure glycerol and raw glycerol from a 
biodiesel plant produces hydrogen. The reaction pathways, as adapted from  
Sutton et al. [42], are shown as follows with the respective reaction enthalpy (      
 ): 
                            +128 kJ/mol        (2.13 – 2.20) 
                    +251 kJ/mol 
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                                 +131 kJ/mol 
                           -41 kJ/mol 
                                          +75 kJ/mol 
                                  -206 kJ/mol 
                            -165 kJ/mol 
                              +172 kJ/mol 
 
The experimental work from Slinn et al. compared the performance of both pure glycerol and 
by-product glycerol from a biodiesel plant in a Solid Oxide Fuel Cell (SOFC) using a 
platinum-alumina (Pt/Al2O3) catalyst. The temperature and the glycerol flow rate effects were 
studied during the process. It was observed that by using pure glycerol, the fuel cell was still 
functional when it operated 30 hours non-stop. However, by using raw glycerol, the longest 
run under constant operating conditions reached the maximum 10 hours of operation, after 
which the fuel cell was degraded by carbon deposition. By varying the temperature, a greater 
yield of hydrogen and carbon monoxide (CO), as high as 85%, was achieved at a higher 
temperature, i.e. at 880 °C, with the hydrogen selectivity reaching 70%. By decreasing the 
temperature, the gas yield dropped since complex liquid products and tars formed, and, thus, 
the hydrogen selectivity was lowered. By increasing the glycerol flow rates, it was 
demonstrated that the gas yield was constant throughout the experiment but that the hydrogen 
selectivity decreased. However, the insufficient contact time of the reactant with the catalyst 
thereby causing the reactant molecules to undergo pyrolysis prior to reaching the catalyst 
surface.  This resulted in increasing amount of CO with the increasing glycerol flow rate.  
Recently (2012 until now), glycerol steam reforming has been researched under supercritical 
water conditions with or without the presence of a catalyst [43-49]. Markoḉiḉ et al. [47], in 
their review article, explained that supercritical water condition means the operating pressure 
and the temperature exceeds the water critical point, i.e. Tc = 647 K (274 
o
C) and Pc = 22.1 
MPa. They highlighted several research works conducted earlier in which supercritical water 
reforming of glycerol may yield light molecular weight aqueous phase hydrocarbons and 
gases within the temperature range of 300 to 600 
o
C. All the other experimental work carried 
out above this range only reported the production of gaseous products with almost or 
complete glycerol conversion. Most of the work reported the presence of acrolein and 
acetaldehyde, apart from the production of hydrogen, CO2, CO, and other CxHy gases.  
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Gutiérrez Ortiz et al. [45] conducted supercritical water reforming of glycerol without the 
presence of any catalyst in the range of 750 to 850 
o
C and 240 bars. From the experimental 
studies, they concluded that by operating at low glycerol feed and extending the residence 
time, the glycerol to gas conversion and the hydrogen yield can be enhanced. In the absence 
of a catalyst, catalytic activity occurred on the reactor’s material, which had nickel particles 
on it (Inconel 625), hence producing carbon nanotubes. Research work on ethylene glycol 
steam reforming was conducted by Kechagiopoulos et al. [1, 50, 51]. Ethylene glycol steam 
reforming follows this stoichiometric reaction: 
                     (      
    = 85.9 kJ/mol)               (2.21) 
In the work of Kechagiopoulos et al. on commercial Ni-based catalysts, it was found that the 
higher the steam to fuel ratio (S/F), the higher the H2 and CO2 production [51].  However, an 
increase in temperature reduced the production of CO2, and, ultimately, H2, since the reverse 
water gas shift reaction occurred, which favoured CO production. For the range of 
temperatures and steam to fuel ratios tested, the hydrogen selectivity was always well above 
80% with S/F = 6 at 700 
o
C being the most favourable condition when the H2 selectivity 
reached 93%. The work also reported on the coking tendency of ethylene glycol, which is 
highly dependent on the operating variables. A reactor blockage occurred for S/F ≤ 3 after 
approximately 7 hours. However, there was no significant coking issue for temperature 
variation since a high steam to fuel ratio was utilised.  The carbon balance was not 100%, 
which was given as evidence of a small amount of carbon loss in coking. This could be 
prevented by operating at excess steam to suppress the coke formation.  
To date, in respect of propylene glycol, although none of the work mentioned above covered 
propylene glycol steam reforming or other reforming technologies, it is a possible reaction 
with the following theoretical stoichiometric equation: 
                                 (2.22) 
 
The maximum hydrogen molecular yield possible to be achieved in propylene glycol steam 
reforming is 2.67 mol/mol C, which is higher than ethylene glycol (YH2 = 2.5) and glycerol 
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(YH2 = 2.33), but relatively lower than ethanol (YH2 = 3). Propylene glycol however has been 
researched to be produced by glycerol, via hydrogenolysis [52, 53]. All four oxygenated 
hydrocarbons chosen make up a series of homologues, which form an interesting set for 
investigation. 
 
2.2.2 Catalytic Reforming 
In petroleum refineries, catalytic reforming is widely used to convert the low-octane 
hydrocarbons to a more valuable high-octane component without changing their carbon 
numbers significantly [54]. Among the reactions that may occur in a catalytic reformer are 
dehydrogenation, dehydroisomerisation, isomerisation, dehydrocyclisation, hydrocracking, 
hydrogenation as well as carbon formation [54].  In this technology, hydrogen is largely 
produced as the by-product, but it is also consumed internally for hydrogenation and 
hydrogenolysis reaction [55]. Catalytic reforming in a petroleum refinery is usually operated 
near the range of 500 
oC and the reactor’s operation pressure is varied according to the high-
pressure processes (20-50 bar), medium pressure (10-20 bar) and low-pressure (3-10 bar), 
depending on the feedstock quality [54].  
To date, little research has been carried out on the selected oxygenated hydrocarbons catalytic 
reforming, specifically, without steam addition; however, several works were published 
earlier with reference to glycerol degradation [56], glycerol hydrogenolysis [52, 53, 57-60], 
glycerol and bio-oil valorisation to bio-fuels [40, 61-63], as well as aqueous phase reforming, 
which will be discussed in section 2.2.6.  
It is anticipated that via catalytic reforming of oxygenated hydrocarbons, a large amount of 
hydrogen may be produced as its by-products, however, this is highly demanded for 
hydrodeoxygenation in bio-fuel refineries [64-68].   
2.2.3 Autothermal Reforming 
Autothermal reforming, also called oxidative steam reforming, is a combination of a partial 
oxidation process, which is a highly exothermic reaction, and steam reforming as an 
endothermic reaction [69].  Autothermal, emerging from the idea of self-sustained reforming, 
is an attractive option since it has higher energy efficiency, improves the system temperature 
control, reduces the formation of hot spots and avoids catalyst deactivation by sintering or 
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carbon deposition [69]. Aartun et al. [70] reported that autothermal reforming or oxidative 
steam reforming has the main advantage of initial oxidation reaction that is extremely 
exothermic, in which it can generate heat for the subsequent endothermic reforming 
reactions. Thus, this technology has high potential for saving heating costs that complements 
the amount of hydrogen produced. However, autothermal reforming poses difficulty in 
controlling for a steady-state operation, and, therefore, utilisation of the catalyst is under 
optimised [71]. 
The efficiency of autothermal reforming is always countered by lower hydrogen yield 
compared to steam reforming due to its thermodynamic limitation. Another setback is the 
cost of the separation process if air is used. Otherwise, if pure oxygen is used, there is a 
requirement to set up an additional plant for oxygen generation, hence incurring very high 
cost [14]. A general stoichiometric reaction for a complete conversion of an oxygenated 
hydrocarbon is as follows: 
       [        ]    
 
 
        
 [        ]  
 
                                     (2.23) 
Taking the example of ethanol as one type of oxygenated hydrocarbon undergoing 
autothermal reforming process, ethanol is converted to the products, following the 
combination of partial oxidation of ethanol and steam reforming of ethanol, as follows [4]: 
Partial oxidation:  
         
  
 
                             (2.24) 
Combining with equation 2.3, yields as follows: 
Autothermal reforming of ethanol (ATRE): 
         
 
 
                                      (2.25) 
The autothermal reforming of ethanol is usually operated between 500 – 800 oC and it 
operates at atmospheric pressure [2, 72-75].  The feedstock, which consists of the mixture of 
hydrogen and ethanol, is vaporized between 180 and 200 
o
C [74]. Prior to feeding the 
reactants into the reactor, the mixture is injected with oxygen, which heats up the reactor and 
thus enables it to reach a higher temperature range.   
Chen et al. [73] made a comparison of several noble metal catalysts and oxide supports by 
using oxidative steam reforming (OSR) and autothermal reforming (ATR). OSR is used when 
oxygen is supplied together with external heating, while autothermal reforming is solely 
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dependent on the amount of oxygen injected to boost the temperature. Further testing 
discovered that the oxygen was fully consumed during ATR and it was recommended that the 
optimum molar ratio of ethanol to oxygen should be kept within 0.9 – 1.0 since increasing the 
molar ratio would lead to the production of unwanted by-products with low hydrogen 
selectivity.   
Glycerol has also been used in autothermal reforming research work, as reported by 
Dauenhauer et al. [76]. The steam to carbon (S/C) ratio was varied from 0 to 4.5, while the 
oxygen to carbon ratio (O/C) was varied from 0.9 – 1.6. The catalyst tested was Rh promoted 
with ceria on ceramic and washcoated with γ-Al2O3. As compared to ethanol, glycerol 
achieved a higher reaction temperature when oxygen was provided, i.e. reaching a 
temperature between 900 – 1200 oC.  However, the maximum hydrogen selectivity (79%) 
was achieved when S/C= 4.5 and O/C=0.9. An increase in the oxygen to carbon ratio of more 
than 1.0 will reduce the back face temperature, and, hence, the conversion and hydrogen 
selectivity.  
Dauenhauer and colleagues [76] observed during their test that glycerol underwent 
dehydration and that acetaldehyde (CH3CHO) was produced as an intermediate. 
Acetaldehyde was further adsorbed onto the catalytic surface, while the C-C bond broke up 
into methyl and CO. Whilst CO undergoes a water gas shift reaction, methyl is further 
converted into methane and undergoes methane reforming. It was also observed that as the 
oxygen to carbon ratio increased, the methane selectivity decreased and the acetaldehyde 
selectivity increased indicating acetaldehyde decarbonylation taking place.  
In the same research work, Dauenhauer et al. [76] reported on ethylene glycol autothermal 
reforming, which follows this stoichiometric reaction: 
               
 
 
                                     (2.26) 
In comparison, between the three oxygenates being tested in their experimental work, i.e. 
methanol (representing oxygenated C1 component), ethylene glycol (C2) and glycerol (C3) 
using similar Rh-based catalyst, ethylene glycol is highly likely to be adsorbed on Rh on both 
oxygen atoms.  Initially, there was O-H scission, which produced dioxy intermediate, and this 
intermediate continued to decompose to C-H and C-C scission. The C-O bond as a leftover 
however did not dissociate, and, therefore, it was maintained as CO, and did not produce 
other by-products. This is consistent with the high selectivity to gas products observed at high 
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O/C ratios. The conversion of ethylene glycol was reported to be more than 99% for all O/C 
less than 1.6, but less for O/C≥ 1.6. The hydrogen selectivity reached 92% but none of the 
tested parameters reached the equilibrium as predicted by Gibbs’ free energy minimisation.  
Autothermal reforming on glycerol was also studied by Lin et al. [77] by comparing the 
performance of this process in a typical packed bed reactor and Pd/Ag alloy membrane 
reactor. The catalyst used was Ni/Ce-Al2O3 for both reactors. It was found that the Pd/Ag 
alloy membrane reactor improved the glycerol conversion and hydrogen selectivity in 
comparison to a packed bed reactor as hydrogen was continuously removed once it was 
formed via the membrane pores. The increase of hydrogen yield is based on Le-Chatelier’s 
principle, whereby the removal of hydrogen will lead to the formation of more. However, 
increasing the reactor pressure will lead to the reduction of glycerol conversion as well as 
hydrogen yield. As an example, the global reaction of glycerol steam reforming, as 
demonstrated in stoichiometric equation (2.9), is revisited. From the equation, there is one 
mole of glycerol in gaseous state and three moles of steam on the left side of the equation in 
contrast to three moles of CO2 and seven moles of H2 on the product side. By increasing the 
reactor pressure, the overall partial pressure of the gases will increase; hence, the system will 
achieve the equilibrium by shifting the reaction to the left. The system will counteract the 
increase in partial pressure of gas molecules on the product’s side; hence, this will lower the 
glycerol conversion. With respect to propylene glycol, similar to steam reforming, there is no 
reported work on propylene glycol autothermal reforming to date.  
2.2.4 Dry Reforming 
Dry reforming, also known as carbon dioxide reforming, is a reforming reaction between 
oxygenates and carbon dioxide to produce syn gas, i.e. hydrogen and carbon monoxide. To 
date, in comparing among all the oxygenates selected; only ethanol has been researched so 
far in the context of dry reforming [16, 78-82]. Although research on carbon dioxide 
reforming of ethanol, known as dry reforming of ethanol (DRE), is not as established as SRE 
and ATRE, there is a growing interest in this reforming technology due to cheap reactant 
costs and a commitment to the reduction of CO2 in the environment, hence converting the 
syngas into a valuable product [16]. 
DRE is a strongly endothermic reaction (∆Ho298K= 296.7 KJ/mol). The stoichiometric 
reaction of DRE is as follows: 
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                                       (2.27) 
However, the above reaction needs to be carefully controlled since there are many 
competitive side reactions taking place, such as dehydrogenation of ethanol to acetaldehyde, 
dehydration of ethanol to ethylene or decomposition of ethanol into CO, CO2 or acetone. 
Thus, sufficient CO2 supply is highly crucial to ensure optimum H2 production. DRE may 
take place between 500 – 1100 oC with the optimum range reported to be between 950 – 1050 
o
C. It is important to operate DRE at a high temperature to reduce coke formation, and, 
ultimately, high H2 selectivity [16]. 
In the early stage of dry reforming research work, DRE was used to convert ethanol into 
filamentous carbon nanotubes, whilst at the same time producing hydrogen, as demonstrated 
by Oliveira-Vigier et al. [80]. Stainless steel 316 was used as the catalyst to ensure that the 
carbon deposited could be removed easily. It was found that the optimum operating 
temperature for the production of both carbon nanotube and hydrogen was around 600 
o
C. 
This is however subject to the pre-treatment of the catalyst in which SS316 was heated up to 
800 
o
C prior to the experiment for optimum performance.  
Wang and Wang [16] investigated the DRE thermodynamic equilibrium using the Gibbs free 
energy minimisation method. They recommended that by operating at a higher temperature 
(>900 K), the formation of coke can be avoided since only DRE, decomposition to acetone, 
CO and H2 and decomposition to methane govern this temperature region. The reaction 
should be operated at atmospheric pressure, since increasing the pressure will increase the 
tendency for coking. By operating at their suggested optimal operating conditions, it was 
claimed that the hydrogen yield might reach up to approximately 95%.  
2.2.5 Partial Oxidation 
Partial oxidation is another reforming technology to convert the oxygenated hydrocarbons 
into hydrogen and CO2 or syn gas. In this reforming technology, the reaction is exothermic in 
nature, where it is not required to provide external heating other than the supply of air or pure 
oxygen. Complete oxidation (air supply in excess) will burn the fuel or reactant completely, 
hence reducing the amount of hydrogen produced. Therefore, the amount of air or oxygen 
supplied may need to be carefully controlled to yield the optimum products. The 
stoichiometric equation of partial oxidation is as follows and applies to all oxygenates: 
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                 (2.28) 
In order to obtain syn gas (CO and H2), ethanol and propylene glycol would require ½ mol of 
oxygen additionally, which is less than what is required for conversion to CO2 and H2.  
However, ethylene glycol and glycerol stoichiometrically would not require any additional air 
to decompose into syn gas as both O/C ratios are 1.   
Partial oxidation studies (thermodynamic study or experimental work) have been carried out 
extensively on ethanol [83-87] but very few have been conducted on glycerol [88-90]. 
Catalytic partial oxidation needs to be operated at high temperature and low pressure to 
inhibit coke formation, and, ultimately, obtain high hydrogen selectivity [85].  
 
2.2.6 Aqueous Phase Reforming 
Aqueous phase reforming (APR), also known as hydrothermal reforming, is the reforming in 
an aqueous phase. This is a reforming technology that operates in excess water content, at 
lower temperature (generally between 200 – 300 oC) and high pressure up to 60 bars. APR is 
highly suitable for oxygenated hydrocarbons, mainly polyols, due to the presence of oxygen 
that weakens the C-C bond, and thus allows for easier splitting between hydrogen and CO. 
CO could further undergo the water gas shift reaction to be converted to CO2 [91]. However, 
for the case of typical hydrocarbons, which only contain C & H atoms, the bonding energy is 
greater, hence APR is not an attractive choice [92].  A typical reaction pathway for reforming 
technology is shown as follows: 
 
Figure 2.1: A summary of hydrogen production routes. (Tokarev et al. [91]) 
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In order to improve the hydrogen production and lower the CO level, in their work, Xu et al. 
[93] improved the alkalinity of the process, i.e. by using alkaline-based support for the 
catalyst. This is supported by Wen et al. [94] who, by using Pt- on alkaline support, yielded a 
much higher hydrogen molar concentration as well as a higher hydrogen formation rate. In 
addition, by using acidic support, the formation of alkanes is increased.   
APR was also conducted in glycerol [94, 95] and ethylene glycol [96, 97]. Manfro and 
colleagues [95] outlined the reaction route of the process, which involves the breaking of C-C 
cleavage bonds as well as C-H bonds to form adsorbed species on the catalyst surface, 
especially CO (Equation 2.29). Once CO is adsorbed, it will undergo a water gas shift 
reaction, as shown in Equation 2.30. The reaction scheme is shown as follows: 
                                  (2.29) 
                                   (2.30) 
The reaction was carried out by purging He to remove air, in which 250 mL of aqueous 
solution was used, consisting of either 1 or 10 wt% of glycerol.  The catalytic test was 
performed at 250 and 270 
o
C, resulting in autogeneous pressure of 37 and 52 atm. The 
maximum conversion reached during the catalytic test was 30%, within 6 reaction hours, with 
the hydrogen mole fraction on a dry basis being between 70 – 90%. Based on the test, they 
suggested that by increasing the weight percentage of glycerol from 1% to 10%, a decrease in 
glycerol conversion and hydrogen production was discovered. 
Luo et al. [98] investigated the effect of Pt/Al2O3 composition and reaction conditions in the 
aqueous phase reforming of glycerol to produce hydrogen. This type of reforming was 
claimed to reduce the amount of carbon monoxide to a sufficiently low level in the reformed 
gas and the endothermic reaction with a high equilibrium constant allowing the reforming 
activity to be conducted at a relatively low temperature. Pt/Al2O3 was prepared using the 
incipient wetness method in which γ-Al2O3 was impregnated with H2PtCl6 solution.  The 
reforming was conducted in a fixed bed reactor. One of the effects tested was the metal 
loading on the catalyst where the hydrogen and methane selectivity were obtained at 70% and 
10%, respectively. As for the reaction temperature and pressure, it was demonstrated that a 
relatively high temperature (of 220 °C), with a system pressure of 2.50 MPa would facilitate 
the reforming process to produce a high hydrogen yield, i.e. at 70%. It was observed that the 
pathway to produce hydrogen by using aqueous reforming was accompanied by other parallel 
reactions, such as dehydration, hydrogenation and methanation, which enable other liquid 
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products, such as methanol, ethanol, acetone and more chemicals to be produced. This will 
remain as a major challenge for the hydrogen production.  
 
2.3 Thermodynamic Analysis of Oxygenated Hydrocarbons Reforming 
Thermodynamic equilibrium studies have been conducted by many researchers on 
oxygenated hydrocarbons reforming. With reference to the homologues studied, most of the 
work published focused on the steam or autothermal steam reforming of ethanol and glycerol 
[20, 24, 37, 38, 99-112]. Very few thermodynamic analysis studies have been carried out on 
ethylene glycol [113-116], and, to date, no publication has been reported on propylene glycol. 
Various solver packages have been used, which include, but are not limited to the following: 
ChemCAD, Aspen, Matlab Solver and Microsoft Excel. 
The thermodynamic analysis on ethanol reforming consisted of steam reforming, partial 
oxidation and autothermal reforming study. According to Rabenstein et al. [117] and Sun et 
al. [105], based on the thermodynamic analysis conducted, the hydrogen yield represented in 
moles is of this order: steam reforming (SR) > autothermal reforming (ATR)> partial 
oxidation (POx). Steam reforming operates in an endothermic reaction, autothermal 
reforming operates in a thermoneutral condition and partial oxidation operates in an 
exothermic reaction. In order to operate within a carbon-free region in steam reforming, Lima 
da Silva et al. [118] suggested that ethanol reforming should be operated free from the 
ethylene formation region because ethanol is prone to ethylene formation. Wang and Wang 
[119] observed that operating in inert gases, such as nitrogen, had a negative effect on partial 
oxidation since it reduces the reaction exothermicity.  
Thermodynamic equilibrium analysis work on ethylene glycol was conducted by Vagia and 
Lemonidou [113, 114], and Xie et. al [116].  In the work of Vagia and Lemonidou, on steam 
reforming of ethylene glycol thermodynamic analysis, they described that ethylene glycol can 
be easily converted into gaseous products with the maximum temperature of hydrogen 
production at 900 K (627 
o
C), which coincides with the full conversion temperature of 
methane. They also demonstrated that more hydrogen, and less CO and CH4 could be 
obtained at a higher steam to fuel ratio, and a carbon free region when the steam to fuel ratio 
is three. Subsequently, Vagia and Lemonidou conducted similar research work, but this time 
around on autothermal reforming. At a steam to fuel ratio of 6/1, with an oxygen to fuel ratio 
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of 0.26 and the entering temperature for oxygen similar to the reactor’s temperature of 900 K, 
the hydrogen yield is the highest, which is lower but less than 10% different to the H2 yield in 
comparison to the steam reforming of ethylene glycol.  
Many researchers were interested in studying the thermodynamic analysis of glycerol in 
comparison to the previously mentioned homologues. These studies consisted of steam 
reforming [20, 24, 37, 38, 100-103, 111] and autothermal reforming [88, 112, 120-122]. 
Adhikari et al. [20] were among the early batch of researchers venturing into glycerol steam 
reforming and conducted thermodynamic analysis of glycerol steam reforming. They 
reported that steam reforming of glycerol would achieve a higher hydrogen yield of above 
900K at atmospheric pressure with a steam to fuel ratio of 9/1. The finding is further 
supported by Diuzeide and Amadeo [102] on thermodynamic analysis using the 
stoichiometric method, which also suggested that a high yield of hydrogen is obtainable at a 
high temperature and a high steam to glycerol ratio. Chen et al. [24] compared their 
experimental findings at a pilot plant scale with the thermodynamic analysis of glycerol using 
minimisation of Gibbs energy method (non-stoichiometric). They developed their in house 
FORTRAN code and similarly found that the optimum steam to fuel ratio to obtain higher 
hydrogen yield is at 9:1.  Meanwhile, their experimental results yield lower hydrogen due to 
incomplete steam conversion.  
The thermodynamic analysis of glycerol reforming also incorporated a study on the presence 
of a sorption element to adsorb CO2 in order to promote efficient water gas shift reaction and 
thus inhibit the coke formation [37, 100, 101, 111, 123]. Chen et al. [100] conducted a 
thermodynamic analysis study using the Gibbs free energy minimisation method and 
assuming that CO2 is adsorbed and removed. According to Le Chatelier’s Principle, the 
removal of CO2 may increase the formation of more CO2, and, ultimately, hydrogen via the 
water gas shift reaction. The stoichiometric equation (2.2) is revisited: 
                  (      
  = -41.2 kJ/mol)             (2.2) 
The reduction of CO2 concentration on the right side of the equation (since it has been 
adsorbed) will shift the reaction to the right to achieve the equilibrium of the reaction. In 
return, the hydrogen mole per mole of glycerol can be improved from six moles to seven 
molesH2/moleglycerol. They also suggested that the presence of a CO2 adsorbent assists the 
reaction to perform similarly at 100K lower than the reaction without the adsorbent. Wang et 
al. [37] also conducted a comparison between thermodynamic analysis using the non-
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stoichiometric method and experimental work using CaO as the CO2 adsorbent. The results 
were promising in minimising the CO content.  In addition, Wei et al. [111] incorporated the 
presence of calcium oxide (CaO) and iron oxide (Fe2O3) in their study to improve the 
hydrogen yield. CaO is considered as the CO2 adsorbent whilst Fe2O3 acts as a solid oxygen 
transfer material. Based on their thermodynamic analysis study, a high purity of hydrogen 
(99.8%) with 12ppm CO is predicted without carbon formation at 450 °C and at atmospheric 
pressure.   
 
2.4 Reactor Technology 
In order to obtain an acceptable reaction kinetic data in a lab scale study, a microchannel flow 
reactor was used and reported in steam reforming and autothermal reforming reactions [2, 
19]. The microchannel reactor consisted of two or more small channels, with each channel 
having a depth and width at approximately 10
3
 microns and the catalysts were pre-coated 
prior to the experiments [19].  Cai et al. [19] demonstrated the usage of a 28 microchannel 
reactor in SRE to investigate the effectiveness of Ir/CeO2, which was pre-coated on the 
microchannel. It was demonstrated that by using similar conditions in the conventional fixed-
bed reactor and microchannel reactor, the ethanol conversion at 400 
o
C was 25% and 56%, 
respectively. It was claimed that there was an improvement in the contact between the gas 
phase and catalyst bed using a microchannel reactor. Further experiments demonstrated that 
when a similar catalyst operated at 500
 o
C, complete conversion was obtained initially for 
both reactors. However, after 65 hours non-stop in a fixed-bed reactor, the conversion 
dropped to 45% whilst it took 160 hours for the conversion to drop to 60% in the 
microchannel reactor. The hydrogen concentration was reported as being higher in the 
microchannel reactor (approximately 60%), by a few magnitudes higher than the fixed-bed 
reactor. It was further claimed that the main difference between these two reactors was due to 
the better heat management in the microchannel, which limits ceria sintering, and thus 
enables it to operate for long hours, non-stop. 
Cao et al. [124] developed an integrated microchannel reactor to study the kinetics of 
methanol steam reforming over a Pd/ZnO catalyst. They claimed that this reactor provided a 
completely isothermal environment; eliminating the ‘cold’ spots due to the temperature 
gradient that leads to underestimation of the catalyst activity. A comparison has been made 
between the microchannel and conventional fixed-bed reactor using a similar amount of 
64 
 
catalyst and weight hourly space velocity (WHSV). The conversion of methanol in the 
microchannel reactor was relatively 10% higher compared to the fixed-bed reactor at a higher 
temperature.  
Casanovas et al. [2] demonstrated the performance of autothermal reforming in a 
microreactor. Two platelets with a separate feed inlet were used with an interchangeable plate 
located at the centre of the reactor. The roughness of the plates was varied by using two 
treatments: acid or basic pickling treatment. The roughness of the plates was measured using 
the Taylor-Hobson roughness tester apparatus. It was found that the roughness of the plates 
did not affect the catalyst adherence. One side of the plate operated as the SRE mode using 
Co/ZnO catalyst whilst the other operated as the ethanol combustion mode using a CuMnOx 
catalyst. Even though the cobalt catalyst could be operated at a lower temperature, it formed 
metallic cobalt on the surface, and thus oxidative steam reforming cannot be conducted on 
the metallic surface to avoid aggregation and sintering. This is the main reason for the 
existence of two separate plates for the separate modes.  The efficiency of the microreactor 
for this operation was calculated to be 71% based on a comparison between the amount of 
ethanol practically required for combustion and the amount dictated by the thermodynamics 
of oxidative steam reforming, as well as calculating the amount of hydrogen produced with 
respect to the hydrogen formed by stoichiometry.  
In addition, Tang et al. [125] made a comparison between steam and the autothermal 
reforming of methanol using a packed-bed low-cost copper catalyst. Three reactor geometries 
were used in this experimental and modelling work; they represented a large-radius reactor, 
small-radius reactor and shorter length reactor. Since steam reforming is endothermic in 
nature, the thermal resistance of the packed bed did not benefit this process, in comparison to 
autothermal reforming. However, the temperature gradient in the steam reforming process 
can be reduced provided that a longer and small-radius reactor is employed. 
Apart from the microchannel reactor, the membrane reactor was also used for reforming 
technology [18, 77, 126-131]. Yu et al. [18] demonstrated the efficiency of the membrane 
reactor in ethanol steam reforming, which also includes water gas shift reaction. Ethanol and 
water reacted over a Rh/SiO2 catalyst on steam reforming, and the effluent permeated through 
a catalytic membrane, which, in this case, was a Pt/Knudsen membrane. By embedding the 
WGS reaction, the permeated gas reacted in the presence of a Pt/Degussa P25 (TiO2) catalyst. 
A comparison was made with a conventional reactor (CR), ethanol catalytic reforming in a 
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catalytic membrane reactor (ECR), and ethanol catalytic reforming in a catalytic membrane 
together with water gas shift reaction (ECRW). It was deduced that ECRW greatly improved 
the reduction of CO concentration at the permeate site compared to CR at a temperature 
range of 300 to 450 
o
C with the lowest temperature giving the highest CO reduction (<1.0%). 
ECR also reduced the CO concentration with a large difference compared to the CR from 400 
to 500 
o
C but at a higher CO concentration compared to ECRW (5.1 – 8.4%).  However, at 
600 
o
C, the CO concentration for ECR and ECRW increased resulting from the reverse WGS, 
which appeared to have an almost similar CO concentration to the CR (between 4.6 – 9.7%).  
Kechagiopoulos et al. [1, 50] conducted their thermal decomposition, steam reforming and 
autothermal reforming of ethylene glycol in a spouted bed reactor. A spouted bed reactor has 
several advantages, such as short residence time, close to perfection particle mixing, efficient 
heat circulation based on the cyclic movement of particles, low pressure drop and able to 
withstand unstable oxygenate, such as bio-oil and heavier fractions of oxygenated 
hydrocarbons. The steam and the vaporized ethylene glycol were injected into the reactor 
from the pre-heated region, using the nozzles located at the cone apex. The mixture of the 
steam and gas created jets, further entrained the catalyst particles and formed a spout within 
the centreline of the reactor. The created spout acted as a dilute phase, and there was a slowly 
moving annular dense bed through which the gas and the particles exchanged currents, 
surrounding the spout. The used catalysts were separated from the product gases from the 
spout region area in the parabolic fountain above the bed surface at very high momentum. 
The catalysts used in this work consisted of a combination of Ni- and olivine. It was found 
that the maximum hydrogen selectivity reached 95% using this reactor. In addition, coke 
formation was minimised, resulting from rapid mixing between hot solid particles and cold 
injected reactants.  
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2.5 Catalyst Development 
The catalysts that can be used for other oxygenates are classified into noble metal and non-
noble metal catalysts.  
2.5.1 Nickel catalyst  
A common non-noble metal catalyst that is usually used is nickel, which has been long 
established for natural gas reforming, with alumina (γ-Al2O3) as its support [72]. However, 
oxygenates can easily dehydrate and form ethylene, which can pose serious coking problems 
by undergoing polymerization that is promoted by the acid sites of alumina [23, 132, 133].  
Ethanol steam reforming via Ni/Al2O3 was also studied by several researchers [132-139], 
mainly to investigate any possibility of modification. Comas et al. [139] investigated the bio-
ethanol steam reforming via Ni/Al2O3 catalyst between 300 and 500 
o
C. The catalyst is of 
very low surface area (15 m
2
/g) with a Ni loading of 35 wt%. Ethanol steam reforming via 
this catalyst is active at 400 
o
C and above whilst at 500 
o
C and high steam to fuel ratio (6:1), 
hydrogen reached up to 91% selectivity. They found that via this catalyst, ethanol would 
dehydrogenate to acetaldehyde and dehydrate to ethylene, which would later be converted 
into final gaseous products. They also suggested that there was no evidence of Ni/Al2O3 
promoting the water gas shift reaction as the CO2 selectivity was lower; this finding is in 
contrast to the finding made earlier by Aupretre et al. [140] who used 9.7 wt% Ni/Al2O3 
catalyst for a similar test for which the selectivity of CO2 was high in their respective work. 
Although it was not reported in the work of Aupretre et al., two possibilities (but interrelated 
to each other) that may cause this difference are i) low surface area of Ni/Al2O3 catalyst in 
Comas et al. work and ii) the difference in Ni weight % loading for both cases.  
Buitrago-Sierra et al. [135] investigated the effects of adding Zn and Pt to Ni/Al2O3 with the 
aim of reducing the dehydration reaction that produces ethylene. Zn and Pt were claimed by 
D Duprez [141] to be able to promote a water gas shift reaction. In addition, Zn has been used 
as an additive to reduce the acidity of alumina. The finding suggested that adding both 
promoters inhibited ethylene production with a different mechanism, i.e. Zn, would alter the 
alumina property by forming Zn(Al2O4)2 and un-reduced 1wt% Pt on Ni/Zn-Al2O3 would 
not produce ethylene for up to 6 hours of operation.    
Zhang et al. [17] made a modification of Ni/Al2O3 by including a second additional metal and 
silica as support together with Al2O3. They reported that at 400 
o
C and a molar ratio of 
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hydrogen to ethanol of 4:1, with the addition of La and Co as the second metal, the hydrogen 
selectivity was boosted by more than 20% (Co – 72.7% and La – 68.6%) compared to 
Ni/Al2O3.SiO2 alone. Apart from that, CO selectivity was the lowest for La addition (0 – 1%). 
Furthermore, the use of 30 wt% Ni with 5% La (30Ni5La/Al2O3.SiO2) can stabilize the SRE 
for 44 hours without forming any intermediate as the effluent at 400 
o
C. It was further 
claimed that the addition of a second metal greatly influenced the reducibility of the Ni 
catalyst and made the catalyst active. However, the addition of an extra loading of a second 
metal ( > 5 wt%) caused the reducibility to become difficult as the reducing temperature 
shifted to a higher temperature.  
The use of a Ni catalyst was also reported in DRE, using two oxides as support, i.e. Y2O3 and 
ZrO2 (Bellido et al., 2009). There were two different loadings of Ni catalyst prepared, i.e. 
5wt% and 10wt%. While it was observed that the hydrogen concentration was higher in 10 
wt% loading (10NiYZ), compared to 5NiYZ from 700 – 800 oC, the carbon deposited was 
also slightly higher on 10NiYZ. This resulted due to the greater Ni load on a similar total 
surface area of oxides, and, thus, the Ni species on 10NiYZ tended to aggregate; hence, there 
was less oxygen vacancy to activate the oxygen in CO2. As a result, the CO2 and CH4 
conversion was relatively low compared to 5NiYZ.  
As for glycerol, a Ni-based catalyst has also been widely used in much of the research. 
Sanchez et al. [34], Adhikari et al. [39] and Cheng et al. [26] demonstrated steam reforming 
of glycerol using a Ni-catalyst. Sanchez et al. and Cheng et al. worked on a Ni/Al2O3 
catalyst. Both findings agreed that coke formation is inevitable with this type of catalyst. 
Sanchez and colleagues focused on a Ni catalyst with Al2O3 as support, and operating at a 
very high steam to fuel ratio (16:1) to avoid possible dehydration. Based on the Temperature 
Programmed Reduction (TPR) analysis, Ni- in Al2O3 existed within three states: (i) Bulk or 
free NiO (< 400 
o
C) (ii) NiO bonded to Al2O3 (between 400 and 690 
o
C) and (iii) NiO 
incorporated into Al2O3, i.e. formation of NiAl2O4 (> 700 
o
C). The formation of NiAl2O4 may 
result in a difficulty to reduce the nickel prior to the reforming reaction. They further 
concluded that the catalyst deactivation was associated with the increase in the weight hourly 
space velocity (WHSV), i.e. operating at low catalyst loading, hence affecting the hydrogen 
selectivity. However, the changes of temperature (within range of 600 – 700 oC), did not 
significantly affect the hydrogen selectivity. Nevertheless, a stable catalyst can be achieved 
for a longer period at a higher operating temperature.  
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Cheng et al. worked a higher nickel loading (15 wt% Ni) in comparison to Sanchez et al. (5.8 
wt% Ni). They concluded that the strong acid site heavily populated the catalyst surface, and 
the rate behaviour can be represented using the Langmuir-Hinshelwood (LH) model with the 
surface reaction as the rate determinant step. Glycerol undergoes molecular adsorption while 
dissociative chemisorption of steam occurred on two different sites, i.e. acid and basic sites. 
The coking formation has a positive dependency on increasing the glycerol to steam ratio, but 
had an inverse effect on the increase in the steam to glycerol ratio.  
Meanwhile, Adkhari et al. worked with different oxide supports, such as MgO, CeO2 and 
TiO2, prepared via the wet impregnation method. From thermogravimetric (TGA) analysis, 
each support had two peaks corresponding to the weight loss associated with the 
decomposition or oxidation of nitrates and precursor materials from the catalyst. In all the 
catalysts, sharp peaks were observed before 400 
o
C and no more weight loss was observed 
after 500 
o
C; hence, calcination of catalyst was carried out at 500 
o
C.  The XRD measurement 
for the calcined catalyst suggested that the MgO peaks exhibited a strong peak, developing a 
tetragonal peak whilst the other two supports only developed a monoclinic phase, hence 
strong interaction developed between the Ni and MgO. The gas conversion was the highest 
using the MgO support. H2 selectivity was comparable using MgO with CeO2 at 650 
o
C, with 
a selectivity of 66%, whereas CeO2 with the highest selectivity attained was 67% at 550 
o
C. 
TiO2 achieved the highest hydrogen selectivity at 650 
o
C with 62 %. The coke formation was 
the highest in CeO2.  
The use of Ni- in glycerol steam reforming was also reported by  
Iriondo et al. [30] incorporating a modification of the γ-alumina with impregnated La2O3. 
Cheng et al. [25] also introduced a bi-metallic catalyst of Co-Ni on alumina to increase the 
catalyst activity of glycerol steam reforming.  
Similarly, for ethylene glycol steam reforming, Kechagiopoulos et al. [51] also reported 
using a commercial Ni-catalyst (C11-NK from Süd Chemie) in their attempt to mix ethylene 
glycol, together with acetone and acetic acid as a model compound for bio-oil. For other 
reforming technologies, Manfro et al. [95] conducted APR of glycerol using Ni/CeO2. They 
reported that the increased use of glycerol reduced the hydrogen yield and that the glycerol 
conversion was lower.   
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2.5.2 Noble Metals and Other Catalysts 
Apart from nickel, noble metal catalysts have also been widely investigated. These include 
the use of Rh, Ru, Pt, Pd, and Ir. It was claimed that the Rh catalyst is among the most 
efficient catalysts for the reforming process as experimented by Cai et al. [74]. Cai et al. 
demonstrated that the autothermal reforming with 1 wt% loading of Rh catalyst and CeO2 as 
support was able to convert ethanol into H2 and C1 products at 400 
o
C with no detectable 
intermediates. This suggested that Rh is favoured for the dissociation of C-C bond due to 
lower intrinsic activation barrier. The highest hydrogen concentration was found to be 67 mol 
% at 650 
o
C. However, high CO was also observed due to the reverse water gas shift 
(RWGS) reaction that takes place above 650 
o
C. The results obtained from the time-on-
stream (TOS) experiment further suggests that the catalyst was stable at either 550 
o
C or 650 
o
C for 70 hours with no detectable deactivation. Although the ceria particle tended to 
aggregate, and increased in crystalline size at a higher temperature, the size was still 
sufficient for the reaction to take place. 
Zhang et al. [142] tested three types of ceria-supported metal catalysts: Ir/CeO2, Ni/CeO2 and 
Co/CeO2, in the steam reforming of glycerol and ethanol steam reforming to produce 
hydrogen. All of the catalysts were prepared using the deposition-precipitation method. The 
steam reforming was conducted in a continuous flow fixed-bed quartz micro-reactor under 
atmospheric pressure within the temperature range of 250-600 °C. It was demonstrated that 
the CeO2-supported Ir, Co and Ni catalysts are significantly active and selective for hydrogen 
production from the steam reforming of ethanol and glycerol, in particular the Ir/CeO2, which 
showed a promising catalytic performance for both reactions. The outlet H2 composition for 
glycerol reforming reached 68.7 vol% and the selectivity was as high as 94.1%. This superior 
performance of Ir/CeO2 was deduced from intimate contact between the Ir particles and ceria 
based on the ceria-mediated redox process, which greatly promoted the reforming reaction 
and the water gas shift reaction.  It was reported that the deactivation problem was 
encountered and no remarkable carbon was deposited on the catalyst site.  
Luo et al. [98] investigated the effect of Pt/Al2O3 composition and reaction conditions in the 
aqueous phase reforming of glycerol to produce hydrogen. One of the effects tested were the 
metal loading on the catalyst where the hydrogen and methane selectivity were obtained at 
70% and 10%, respectively. As for the reaction temperature and pressure, it was 
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demonstrated that a relatively high temperature (of 220 °C), with a corresponding system 
pressure of 2.50 MPa would facilitate the reforming process to produce high hydrogen yield.  
Apart from alumina as an excellent support, CeO2 is another support that has gained high 
interest at the moment. CeO2 is claimed to be a better promoter that can lead to higher 
dispersion of metal particles and strong interaction between the metal and the support. 
Improved stability has also been reported [143]. However, a frequent start-up and shutdown 
of the system may lead to the  -CeO2 deactivation due to the formation of carbonate on the 
surface of the catalyst [144]. Liu and colleagues investigated the phenomenon of Pt/CeO2 
deactivation in water gas shift reaction and discovered that the shutdown of the system may 
reduce the conversion of CO from 85% to 15%. A few tests were conducted and it was 
confirmed that carbonates were formed on the CeO2 surface as well as on the Pt surface and 
exerted an effect on the electronic properties on the Pt, thus deactivating the catalyst. It was 
also observed that as the temperature went lower (i.e. became deactivated) more carbonates 
formed. The regeneration of the catalyst was only possible by heating up the catalyst at a 
temperature above 400 
o
C in air. 
Zhang et al. [15] demonstrated the effectiveness of Ir/CeO2 on SRE. It was claimed that ceria 
exhibited strong coke resistance due to its high oxygen-release capacity, and iridium formed a 
strong interaction with ceria, and was stable and highly active. It was further observed that 
ethanol was fully converted at a relatively low temperature (300 
o
C). The hydrogen 
concentration was reported to be stable and consistent at 73% for 16 hours of reaction at 500 
o
C. Due to effective water gas shift reaction at higher temperature, CO was notably 
eliminated from 400 
o
C and above. It was suggested that, by using Ir/CeO2, ethanol is 
decomposed into acetaldehyde as the major intermediate. Later, acetaldehyde 
dehydrogenated into CO and CH4 or decarbonylate into acetone. The CO and CH4 produced, 
converted into CO2 and H2 through WGS and steam reforming of methane whilst acetone 
underwent steam reforming of acetone for CO2 and H2 production.  It was noted that at 450 
o
C, deactivation occurred after 20 hours of operation, caused by heavy coke deposition and 
thus lowering the products output. CeO2 was found to aggregate and thus the crystalline size 
increased accordingly. This is highly likely due to the large amount of acetone produced at 
this temperature, which led to oligomeration that caused coke formation. However, at a 
higher temperature (650 
o
C), there was no detectable coke formation for 300 hours of 
operation since it was prevented by the strong interaction of Ir-CeO2, and acetone was fully 
reformed into CO2 and H2.  
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Chen and colleagues [73] performed autothermal reforming (ATR) and oxidative steam 
reforming (OSR) of ethanol using a few noble metal catalysts, such as Rh, Ru, Ir and Pd 
combined with several oxides, such as Al2O3, ZnO, CeO2 and La2O3.  It was observed that 
Ir/La2O3 gave the best ethanol conversion on OSR at 400 
o
C, compared to the other Ir-based 
catalysts of different oxides. Ir/La2O3 exhibited a similar performance for ATR with the 
highest catalytic activity, but with a conversion rate of between 85-93% and an ethanol to 
oxygen molar ratio of 0.9 – 1.3, with the best ratio being obtained between 0.9 and 1.0.  From 
the experiment, it was concluded that Ir/La2O3 was an excellent catalyst due to the high 
hydrogen selectivity (1 wt% Ir gave H2 selectivity from 38 – 50% between 400 and 700 
o
C on 
OSR and 60% H2 selectivity on ATR for an ethanol to oxygen molar ratio = 0.9), low by-
product (the lowest in methane compared to other combinations), low in acetaldehyde as well 
as ethylene. Rh/La2O3 is also an excellent catalyst since it hindered the formation of 
acetaldehyde and ethylene but was set back due to its cost. In addition, the Ru-catalyst 
showed almost comparable performance to the Ir-catalyst. The combination of Ir/Al2O3 was 
the worst since it produced large by-products, e.g. acetaldehyde, methane and ethylene, and 
was prone to long-term coking.  
The use of noble metals has also been reported by several authors in either ethylene glycol or 
glycerol reforming technologies, such as Dauenhauer et al. (2006) on autothermal reforming 
of both components (Rh, Rh-Ce, Rh-La, Pt with ceramic as support), and Chiodo et al. (2010) 
on the comparison of Rh- with Ni- performance on glycerol steam reforming.  
2.5.3 Effect of Promoters 
Promoters are usually added to the catalyst for modifying the catalytic support structure, and, 
hence, the electron distribution property within the catalyst system to enhance its reaction 
performance. However, using it alone had no catalytic effect on the reaction. Among the 
promoters that have been tested for the purpose of research in reforming works were: Ca 
[133, 136, 145-149], Mg [35, 146, 147, 150-152],  Gd [153-155], Nb [156], Zr [28, 157], and 
La [158-161].  
The research work on group II-doped catalysts on oxygenated hydrocarbons reforming is one 
of recent interest. Due to its basicity, doping with calcium and magnesium is hypothesised to 
be able to reduce the acidity of alumina as support; hence, inhibiting the dehydration of 
oxygenates that lead to the formation of ethylene. The research works associated with 
promoting calcium to Ni/Al2O3 were carried out by Choong et al. [132, 136], Elias et al. 
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[133] and Vizcaino et al. [162] on ethanol steam reforming. Vizcaino et al. also studied on 
Mg addition to Ni/Al2O3 [152, 162].  
Youn et al. introduced Mg and other metals as a second metal in Ni/Al2O3 catalyst for 
autothermal ethanol reforming [163]. Carrerro et al. [164] also investigated the addition of 
Mg and Ca to Ni-Cu/SiO2 catalyst for ethanol steam reforming. In another report, Medrano et 
al. [149] doped Ni/Al2O3 with Ca and Mg on acetic acid and acetol steam reforming. With 
regard to glycerol steam reforming, Wang et al. [165] doped Mg to Ni/Al2O3 catalyst and 
calcium doped Ir/La2O3 had also been reported by Yang et al. on glycerol oxidative steam 
reforming [145].  
Choong et al. and Elias et al. showed a general agreement on their work and demonstrated 
the following by doping Ca to Ni/Al2O3: i) reducing acidity of alumina, hence reducing the 
dehydration to ethylene and ii) a stable reaction due to a significant reduction of coke. Elias 
et al. further reported that an impregnated catalyst performed better than co-precipitated 
catalyst. Choong et al. [136] reported that the coke produced is amorphous in nature via the 
Ca promoted Ni/Al2O3 catalyst, and, hence, can be easily re-generated. While Ca reduced the 
coke formation, the promotion of Mg was claimed to improve hydrogen selectivity [149, 
164]. 
2.5.4 CO2 Sorption Materials 
In enhancing higher hydrogen selectivity and improving water gas shift reaction, the 
introduction of CO2 adsorption-enhanced material, such as dolomite of formula CaMg(CO3)2 
was investigated in oxygenated hydrocarbons steam reforming. This was reported by  
Dou et al. [29, 166] and Chen et al. [100]. Prior to these, CO2 sorption was also incorporated 
in methane steam reforming as reported by Ding & Alpay [167]. Dou et al. [29] worked on 
pure glycerol steam reforming with commercial Ni-catalyst, and a steam to carbon ratio of 
3:1 (steam to fuel ratio of 9:1).  By introducing dolomite, the hydrogen purity was greater 
than 90%. The CO content in addition was lower compared to no sorption material, resulting 
from the effect of CO2 sorption, and, therefore, increased the glycerol conversion to 100%. 
However, CO2 sorption was no longer efficient at 700 
o
C resulting from carbonate 
decomposition (calcination effect) in the presence of steam.  The optimum temperature for 
using calcined dolomite was at 500 
o
C, in respect of the highest hydrogen purity (97%) and 
the longest CO2 breakthrough time. Chen et al., in their work on analysing the 
thermodynamics of adsorption-enhanced steam reforming of glycerol, reported that the 
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maximum number of moles of hydrogen produced per mole of glycerol can be increased from 
six to seven due to CO2 adsorption. Dou and colleagues also conducted a similar experiment 
by using crude glycerol and the results were promising where the crude glycerol, consisting 
of 70-90 wt% of glycerol with 15 wt% of water and methanol, had a gas conversion of 100% 
[166]. 
2.6 Catalyst Preparation Method 
Methods of preparing the catalyst also influence the effectiveness of the reforming 
technology.  The resulting output differed from each method in terms of the surface area 
available for catalytic activity, the strength of the interaction between the metal catalyst and 
the oxide support, the resulting particle shapes and sizes, and the homogeneity of the catalyst.  
Among the preparation methods is the deposition-precipitation method, as performed by Cai 
et al. [74] on Rh/CeO2. CeO2 was prepared by precipitation of ammonia cerium nitrate with 
urea, whilst Rh of 1 wt% loading was prepared by suspending CeO2 powder into Rh-
contained aqueous solution (RhCl3.nH2O), heated and stirred until 175 
o
C and Na2O3 was 
further added until the pH reached 9.0. The resulting mixture was dried overnight at 100 
o
C 
and further calcined for 5 hours at 500 
o
C. It was reported that Rh slightly reduced the surface 
area of ceria and was highly dispersed since it was not detected on XRD. This catalyst 
exhibited stable activity for 70 hours non-stop operation without significant deactivation.  
Youn et al. [168] demonstrated the effect of different preparation methods on ZrO2 support 
catalyst. Two methods were used – sol-gel method (S-ZrO2) and templating sol-gel method 
(M-ZrO2) – and compared with commercial ZrO2 (C-ZrO2). The metal catalyst used was Ni-, 
of which they used the incipient wetness method to combine Ni with the prepared ZrO2 
catalysts. It was found that by using different preparation methods, the particle shapes as 
observed on TEM were totally different to each other. Whilst C-ZrO2 retained its spherical 
shape and large particle size (>50 nm), S-ZrO2 formed more spherical and uniform particles 
with the size ranging from 5 – 10 nm, and with textural pores formed by aggregation of the 
particles. M-ZrO2, however, formed a mesoporous structure and sponge-like pore 
morphology, with the smallest range of particle size. Whilst M-ZrO2 developed the highest 
peak of tetragonal phase, as observed in XRD, followed by S-ZrO2, there was a mixture of 
small tetragonal peaks and monoclinic phase observed for C-ZrO2. When the catalysts were 
calcined, the XRD images depicted Ni oxidized to NiO indicating that all the catalysts were 
well supported on the Zr surface without the formation of a solid-solution or incorporation 
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into a Zr lattice.  When the catalysts were reduced, the XRD patterns indicated the presence 
of Ni metallic. According to Scherrer’s calculation, the crystalline sizes of nickel species 
decreases with increasing surface area, which suggests that Ni has a relatively weak 
interaction after reduction due to the aggregation of Ni species. It was found that M-ZrO2 has 
the highest H2 selectivity (~57%), slightly above S-ZrO2 and C-ZrO2, with most methane 
being observed on C-ZrO2, and the least on M-ZrO2 after 15 hours of operation. This 
suggests that M-ZrO2 had accelerated the reaction due to its framework porosity and firm 
tetragonal phase.  
Another method that attracted the researchers’ interest is the polymerization method. This has 
been widely researched by Bellido et al. [78] in the dry reforming of ethanol (DRE) over  
a Ni/Y2O3-ZrO2 catalyst.  It was reported earlier that ZrO2 exhibited interesting metal-support 
interactions on Ni, and even ZrO2-CeO2 support demonstrated high activity and was generally 
stable. Therefore, it was intended to investigate the possibility of DRE by using  
Ni/Y2O3-ZrO2 prepared by the one-step polymerization method, also known as the Pechini 
method. There were three catalysts of which two were prepared using polymerization 
methods with different Ni loadings, i.e. 5wt% (5NiYZ) and 10 wt% (10NiYZ). Another 
catalyst was prepared by the impregnation method but the support was prepared by the 
polymerization method, known as 5NiYZ (i). The total BET surface area was the least for 
5NiYZ (i) due to the different preparation method. A firm tetragonal phase was observed on 
XRD for both catalysts prepared using the polymerization method, suggesting a strong 
interaction between Ni and the support. However, for 5NiYZ (i), both a tetragonal crystalline 
and monoclinic phase were observed. In terms of crystalline size, 5NiYZ had half the 
crystalline size of 5NiYZ (i), suggesting that the polymerization method assisted the catalyst 
to aggregate to a lesser degree. In terms of catalytic performance, hydrogen production was 
consistently stable for all catalysts above 700 
o
C for 350 minutes of operation. At 600 
o
C, 
there was a significant drop in hydrogen concentration, since, thermodynamically, ethanol 
decomposes into hydrogen, CO and CH4, which is an exothermic reaction, and is highly 
favoured at low temperature, rather than DRE, which is endothermic in nature. Ethanol 
dehydration occurred the most in 5NiYZ (i) and was very rapid at 800 
o
C, resulting in a high 
amount of ethylene that led to possible coking.  From the TPR results, it was observed that 
most of the Ni species interacted with the oxygen vacancies on the support of 5NiYZ, with 
less interaction on 5NiYZ (i) and 10NiYZ. This reflects the capability of 5NiYZ activating 
the oxygen of CO2, and catalysing the removal of coke deposition whilst 5NiYZ (i), with less 
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vacancies of oxygen due to the aggregation of NiO, had the most carbon deposited on the 
surface.  
Casanovas et al. [2] conducted autothermal reforming of ethanol in microreactor, using two 
platelets with two different modes, hence two different catalysts, i.e. Co/ZnO and CuMnOx. 
In order for these catalysts to be coated on the microchannel, four methods were employed, 
i.e. washcoating, in-situ co-precipitation, in-situ urea assisted co-precipitation and sol-gel. 
The washcoating was prepared by ex-situ precipitation, and, for in-situ co-precipitation, it 
was similar to washcoating except that the solution was controlled into the channels via a 
capillary system. For in-situ with urea-assisted co-precipitation, instead of using nitrate 
solution alone, as in the first two methods, urea was mixed together with the nitrate solution 
and deposited into the channels. For the sol-gel method, the solution was prepared using the 
necessary precursor earlier and introduced into the channels. It was found that washcoating 
was the worst method for coating the catalyst since the weight loss was very high after the 
reaction took place. This was followed by in-situ co-precipitation and the sol-gel method. In-
situ urea assisted was the best coating method, which resulted from the strong influence on 
the heating rate between 1-10 
o
C/min.  Heating at a high rate can cause low homogeneity and 
poor adherence of coatings.  Furthermore, the scanning electroscope microscopy (SEM) 
images showed that by using the in-situ urea assisted method, the catalyst layer appeared 
perfectly homogenous for Co/ZnO and slightly low for CuMnOx. However, at the microscale 
level, both coated catalysts were distributed homogeneously with a narrow size distribution 
pattern.  
Manfro et al. [95] varied three methods – impregnation (NiCe-Imp), co-precipitation (NiCe-
CP) and combustion (NiCE-Com) – of Ni/CeO2 synthesis for the application in aqueous 
phase reforming (APR) with nominal NiO content of 20wt% for all samples. While the 
impregnation and co-precipitation methods are widely used, Ni/CeO2 by the combustion 
method was prepared by melting the Ni & Ce precursors on a hot plate at 150 
o
C, and urea 
was added to the molten solid. The mixture was combusted in a furnace at 600 
o
C and 
calcined in flowing air at 700 
o
C for 3 hours. Based on catalyst characterization studies, the 
BET surface area was the lowest in NiCe-Com, but there was no significant deviation 
between the other two methods. Prior to reduction, NiCe-Com has the highest crystalline size 
resulting from the sintering effect as calculated by the Scherrer equation, but reduced to the 
smallest crystalline size after reduction. Upon catalyst testing, NiCe-Imp performed the best 
at 250 
o
C in terms of glycerol conversion (20%), but at a higher temperature (270 
o
C), and, 
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ultimately, higher pressure, NiCe-Com reached a higher conversion (30%) after several hours 
of experiment. Meanwhile, higher hydrogen selectivity was observed in NiCe-Com, as 
compared to the other two methods, resulting from the lower Ni crystalline size after the 
reduction.   
 
2.7 Catalyst Deactivation 
Catalyst deactivation in reforming is always associated with poisoning, sintering or coking 
issues. Sehested [169] highlighted the four challenges in Ni-based steam reforming as 
catalyst activity, sulphur poisoning, carbon formation and sintering. Although Cu- and Ni- 
are both commercially cheaper than other noble metal catalysts, and give higher hydrogen 
yield and selectivity, they are prone to sintering in industrial scale applications [170, 171]. 
This is the reason why copper is only used for methanol steam reforming, which occurs at a 
relatively lower temperature compared to other oxygenates, to avoid metal sintering.  
However, sintering may have an influence in resisting catalyst poisoning by reducing the 
available sulphur absorption surface area as well as reducing the coking tendency by 
increasing the catalyst particle size [172].  
2.7.1 Coking 
The most common issue associated with oxygenates reforming is coking, which results from 
the uncatalytic reaction in the reactor bed, such as decomposition and dehydration of 
oxygenated hydrocarbons. The coke deposition on the catalyst surface blocks the active sites 
in long-term operation. The coke may be either an amorphous type of carbon or graphitic 
crystalline carbon produced via different reaction routes. Trimm [173] classified the 
formations of carbon from steam reforming activity as follows: 
             (      
  = -172.4 kJ/mol)          (2.31) 
             (      
  =  - 74.9 kJ/mol)          (2.32) 
               (      
  = -131 kJ/mol)          (2.33) 
                                   (2.34) 
In addition to these, the following reaction scheme was introduced [174]: 
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                 (      
  = -90.1 kJ/mol)           (2.35) 
As for most cases, ethylene could also be possibly produced on the acid site of the catalyst 
via dehydration, hence undergoing oligomerisation to form olefins and encapsulating the 
active metal site [27, 134, 136].  
Many catalysts were designed to either reduce the coke formation during the reaction or the 
catalyst can self-regenerate by favouring defective carbon production that can easily be 
combustible in-situ [164]. A typical Ni/Al2O3 catalyst is known by its tendency to form 
graphitic carbon or carbon that encapsulates and blocks the active site causing deactivation, 
which is very stable and difficult to be gasified. Catalytic activity via nickel may also cause 
the formation of coke relating to catalytic methane decomposition, as shown in equation 8.2 
[175].  
Martin-Gullon et al. [176] highlighted the difference of the crystalline type of carbon that 
may exist on the catalyst surface, which consists of several types of carbon nanotube (CNT) 
and carbon nanofibre (CNF), as depicted in Figure 2.2. The formation of whisker carbons, 
however, may destroy the catalyst due to its strength, and, therefore, must be inhibited [177].  
 
Figure   2.2: Diagram of the different accepted structures of CNF and CNT. (Martin-Gullon et al.) 
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2.8 Conclusion on Literature Review 
Based on this literature review, several conclusions could be drawn. Reforming processes for 
hydrogen gas production are highly feasible for oxygenated hydrocarbons and they could 
assist in energy saving. There are many technologies associated with reforming, such as 
steam reforming, autothermal reforming, partial oxidation, dry reforming and aqueous phase 
reforming. However, these processes are susceptible to other side reactions, such as 
decomposition, dehydration and dehydrogenation that lead to the formation of coke and 
hence deactivate the catalyst. Therefore, the choices of catalysts including the method of 
preparing the catalysts are important in ensuring high hydrogen selectivity, apart from the 
manipulation of thermodynamic properties, such as steam to fuel ratio (steam reforming and 
APR), temperature and oxygen to carbon ratio (in autothermal reforming). Introducing 
promoters may assist the catalyst activity in reforming by either inhibiting the carbon 
formation or enhancing the reaction for higher hydrogen yield. These parameters are 
important to reduce the side products that would lead to coke formation, hence deactivating 
the catalyst.  
Based on this literature study, it is found that the oxygenated hydrocarbons steam reforming 
is feasible as demonstrated by many researchers. However, with relation to the series of poly-
ols homologues chosen, only propylene glycol reforming research has not been reported 
elsewhere, while researches are intensely focused on ethanol and glycerol reforming. Nickel 
is a common catalyst, with many modifications carried out to improve its performance either 
by using a different support other than alumina, or introducing a promoter to enhance the 
outlet gas selectivity. The research on calcium doping to nickel/alumina had only been 
investigated to date on ethanol steam reforming, but not yet on other homologues, such as 
ethylene glycol, propylene glycol and glycerol. While it was reported that encapsulating 
carbon and graphitic carbon might form on a typical nickel/alumina catalyst surface, the 
presence of calcium as a promoter to this nickel/alumina catalyst is yet to be investigated. 
This literature review is therefore helpful in giving proper direction for this doctoral research 
work.  
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CHAPTER 3: THERMODYNAMIC ANALYSIS 
3.1 Theoretical Approach 
In this chapter, a thermodynamic equilibrium analysis is carried out in detail and is compared 
with several other published works [1-5].  
Gibbs free energy minimisation method, a non-stoichiometric method, is adopted in this 
equilibrium study. The system is thermodynamically favourable at a given temperature and 
pressure if the total Gibbs free energy is at its minimum [6]. The following equations, (3.1) to 
(3.6), relate to the derivation of Gibbs as described by several researchers [4, 7-12]. With the 
assumption of isothermal and isobaric conditions, the equilibrium system can be expressed as 
follows: 
 
   ∑ ∑   
  
   
 
                                  (3.1) 
          
Where  nij  = number of moles of species i in j phase in the system 
μi  = chemical potential of species i (J/mol) 
G  = Gibbs free energy (J/mol) 
C  = number of species in the system 
    = number of potential phases in the system 
 
A closed system consists of co-existing vapour and liquid phases in which each phase 
contains C species in a state of equilibrium. It is assumed that each species obeys the Raoult’s 
Law,          
 , of which    is the vapour pressure of species i above the liquid solution, Xi 
is the mole fraction of species i in liquid phase, and   
 is the vapour pressure of the pure 
substance i at the same temperature. To ease the operation, the reference state of the pressure, 
    can always be assumed as      atm. Thus, the chemical potential of species i,     is 
given by the following equation:  
                [  
          (
  
  
)]                                                (3.2) 
Substituting Raoult’s law in the equation results in the following: 
     [  (
  
 
  
)           
       ]             (3.3) 
However, as for non-ideal gas, fugacity,   is introduced to enable the non-ideal gas 
approximation fits into the ideal gas equation. Substituting fugacity with the fugacity 
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coefficient in the equation with respect to the following equation,       , allows the 
chemical potential of species i, μi, to be defined as follows [8, 13]: 
 
     [  (
   
  
)           
       ]                         (3.4) 
 
Where  R  = universal gas constant (kJ/kmolK) 
  T  = temperature, K 
  P  = pressure, bar 
  P0  = standard pressure, bar  
     = partial fugacity coefficient 
  Xi  = mole fraction of species i in liquid phase 
  Gi
0 
= standard Gibbs free energy, J/mol 
 
At equilibrium, given a constant temperature and pressure, Gibbs free energy (G) will be at 
minimum where the number of moles of species i (ni) must satisfy the constraints of mass 
conservation and non-negativity.  
The non-negativity of moles number is expressed as follows: 
 
                                                               (3.5)
    
Mass conservation states that the mass balance of each atom must be in accordance with the 
reactions stoichiometry; hence, the following expressions must be strictly followed: 
 
∑    
 
                             (3.6) 
 
∑       ∑      
  
                  
 
                               (3.7) 
 
Where  βzi   = number of atoms of element z in species i 
  ni
0
  = initial number of moles for species i 
 
An inert gas is considered as a component that does not change the number of moles prior to, 
or after the reaction. 
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The partial fugacity coefficient,    for non-ideal gases, together with the mixtures containing 
waters and alcohols, can be estimated through a series of calculation, which begins from the 
equation of states developed by Peng-Robinson incorporated with Twu modification (PR-
Twu) [14]. The PR equation of state alone is not sufficient to predict the mixtures containing 
waters and alcohols; hence, the Twu estimation is incorporated. In addition, Twu et al., found 
the α function and the mixing rules of the attractive term are the key factors in improving the 
thermodynamic property calculations [15].  
 
The PR equation is defined as: 
 
  
  
   
 
    
         
                          (3.8) 
 
 
Where   v  = molar volume 
                   with            
    
 
  
 
                      
   
  
 
    = temperature dependent function 
     = parameter of   at critical temperature, Tc 
  Pc = critical pressure 
 
Twu et al. [15] derived an α function from a probability distribution function: 
 
        
      
       
                             (3.9) 
 
Tr is reduced temperature and the variables L, M, and N are adjustable parameters obtained 
from vapour pressure data.  
 
The Van der Waals mixing rule is used as follows to estimate the temperature-independent 
repulsion and temperature-dependent attraction parameters for mixtures, am and bm : 
 
   ∑ ∑                  (3.10) 
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And                                               
                       (3.11) 
 
   ∑                     (3.12) 
 
Where   xi = molar fraction of species i 
  xl = molar fraction of species l 
  bi = b coefficient of species i  
kil =  interaction coefficient between species i and l 
The interaction coefficient between species i and l, kil, can be estimated using the following 
equation: 
                                                              
 (      )
   
(   
 
     
 
 )
                                                     (3.13) 
 
Vc represents the critical volume of the related species and the unit is m
3
/kmol.  
 
The dimensionless form of a and b for a mixture, A and B are introduced as follows: 
 
  
   
    
                                                   (3.14) 
 
  
   
  
             (3.15) 
 
Compressibility factor is also introduced in the PR-Twu equation with the following 
equation: 
 
  
  
  
             (3.16) 
 
PR is rewritten as a cubic equation using these dimensionless numbers and the 
compressibility factor, Z: 
 
                                                           (3.17) 
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Therefore, the partial molar fugacity coefficient    was calculated using the following 
equation: 
 
     
  
  
              
 
  √ 
 (
 ∑       
  
 
  
  
)   (
  (  √ ) 
  (  √ ) 
)                      (3.18) 
 
 
3.2 Simulation Layout 
 
By using the Aspen-HYSYS simulation package, the Gibbs reactor was chosen to perform 
the aforementioned algorithm representing multiple and complex reactions in the system in 
order to determine the most favourable route of reactions for all types of reactant. All 
reactants, intermediates and products expected, were available via the HYSYS library 
database and no other hypothetical component was created. A series of homologues from 
ethanol to glycerol was studied (excluding 1,3 propane diol), which includes the following in 
Figure 3.1: 
 
 
Figure 3.1: The homologues of the chosen oxygenated hydrocarbons  
 
The components chosen for this study were mainly based on the literature review of previous 
experimental works that involved not only steam reforming of oxygenates, but other studies 
including the thermal decomposition of the oxygenates [16-22] except for propylene glycol, 
for which, to date, none of the articles that specifically discussed steam reforming of 
propylene glycol were able to be located. Table 3.1 depicts the list of components that has 
been predicted to appear as products for all the oxygenated hydrocarbons simulated. 
 
 
101 
 
Reactant/ Components 
Water Acrolein CO2 
Ethanol Propanal CO 
Glycerol Acetaldehyde Ethylene 
Ethylene Glycol Acetone Ethane 
Propylene Glycol Carbon Propane 
Methanol Nitrogen Propylene 
2-Propanol Acetol Hydrogen 
1-Propanol Allyl Alcohol Methane 
Diethylene Glycol Acetic Acid  
Table 3.1: Components predicted as reactor effluents for the homologues 
Other than the PR-Twu property package, there were two other property packages available 
to be compared with, i.e. Wilson (1964) and SRK-Twu. Although most of the equilibrium 
studies carried out in ASPEN-Hysys used Peng-Robinson (PR) [23], or Soave modified 
Redlich-Kwong (SRK) equation of states, this is not feasible in this case since PR and SRK 
are incompatible with the presence of oxygenated compounds. The oxygenated hydrocarbon 
flow rates and vaporiser temperatures for the main components entering the Gibbs reactor on 
steam reforming reaction are depicted in Table 3.2. 
Components Ethanol Glycerol 
Ethylene 
Glycol 
Propylene 
Glycol 
Temperature for Water’s Vaporiser (oC) 200 400 300 300 
Temperature for Reactant’s Vaporiser (oC) 200 400 300 300 
Entering N2 temperature (
o
C) 200 400 300 300 
Reactant’s mass flow rate (kg/hr) 0.046 0.092 0.062 0.076 
Reactant’s molar flow rate (mole/hr) 1 1 1 1 
Table 3.2: Vaporiser temperature and reactants’ flow rates setting for simulated oxygenated 
hydrocarbons  
The simulation environment for all variables is depicted in Figure 3.2: 
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Figure 3.2: Simulation environment for all tested parameters 
The layout of the simulation, as in Figure 3.2, indicates the presence of two heaters. The 
installation of the two separate heaters is dedicated for vaporiser (Q-1), as well as for the 
furnace heater (Q-in). Initially, water and oxygenates are mixed together and heated to the 
desired vaporisation temperature. The vapour would enter the Gibbs reactor together with the 
nitrogen supplied at vaporisation temperature. The Q-in will provide the heating required for 
the desired reaction temperature. The final products are combined together in a mixer, and 
collected in one stream. By changing the layout, i.e. by installing either one or two heaters, it 
would not affect the final composition and the molar flow rate of the products; but 
notwithstanding the heat flow in every stream would be calculated differently. As such, by 
using two heaters that reflect the real experimental setup, the reactor would require lower 
energy from the heater (Q-in) when the other streams are already pre-heated by Q-1 to the 
intended vaporization temperature.  
As for the homologues of ethanol to glycerol, there were four tested parameters: 
i) Auto Thermal Dynamic (Thermo Neutral Condition) 
ii) Steam Reforming: Effect of Steam to Fuel Ratio 
iii) Steam Reforming: Effect of Temperature 
iv) Steam Reforming: Real Experimental Condition 
 
Some formula used for the ease of comparison and comprehension is shown as follows: 
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                                 (3.19) 
              
      
                   
                                                  (3.20) 
                   
      
∑                
                                          (3.21)  
        
⁄       
     
    
                                                                       (3.22)         
Where  
  is the stoichiometric coefficient of H2 from the general stoichiometric reforming reaction  
  is the molar flow rate in mol/hour 
 
3.3 Model Validation 
Some works carried out by several researchers were reproduced using the Aspen-HYSYS and 
the property packages chosen for the entire study to ensure the simulation that would be 
carried out is validated. Model validation is important to ensure that there is no ambiguity of 
the findings made.  
3.3.1 This Work vs. Authayanun et al. (2010) 
Authayanun et al. [3] used HYSYS to conduct a thermodynamic study of hydrogen 
production from crude glycerol via auto thermal reforming. The property package chosen was 
Peng-Robinson-Styrek-Vera (PRSV), while this work incorporated PR-Twu on similar 
components of choice. Figure 3.3 reflects the simulation results carried out for 100% pure 
glycerol, for which the results are similar for both property packages at any single 
temperature tested. This suggests that at a chosen temperature, the PR-Twu worked similar to 
PRSV. 
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Figure 3.3: Model Validation of Autothermal Reforming of 100% pure glycerol  
(this work vs. Authayanun et al.) 
 
3.3.2 This work vs. Rossi et al., (2009) 
Rossi et al. [4] determined that the thermodynamic analysis of steam reforming of ethanol 
and glycerine using GAMS
®
 2.5 with CONOPT2 solver can be done similar to the Aspen-
HYSYS using the PR-Twu equation of state property package. Their work on thermodynamic 
analysis of ethanol steam reforming at equimolar water/ethanol feed at 1 atm, as shown in 
Figure 3.5, yielded almost similar results in comparison to Figure 3.4 (this work) up to 700 K. 
However, above 750 K, there were significant differences related to the mol fraction of CO, 
CO2, and CH4.  The thermodynamic analysis of ethanol steam reforming is discussed in detail 
in section 3.6.   
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Figure 3.4: Ethanol Steam Reforming Thermodynamic Analysis at equimolar mixture 
(water:ethanol), 1 atm (This Work) 
 
Figure 3.5: Ethanol Steam Reforming Thermodynamic Analysis at equimolar mixture 
(water:ethanol), 1 atm (Rossi et al.) 
3.3.3 This work vs. Adhikari et al. (2007) 
Adhikari et al. conducted thermodynamic analysis of glycerine using the Mathcad version 11, 
solved by Lagrange’s multiplier method [7]. Figure 3.6 illustrates their work on varying the 
steam to glycerol ratio from 1:1 to 9:1 at atmospheric pressure, and the reaction to 
temperature from 600 to 1000 K.  Adhikari et al., predicted the reactants and products from 
this analysis to be H2, CH4, CO, CO2, H2O, C3H8O3, and carbon (C) without any presence of 
other intermediates. This has been carried out similarly via Aspen-HYSYS in this work; 
however, by including similar components together with carbon (C) without any additional 
intermediates, as demonstrated earlier in Table 3.1, the equilibrium reaction could only be 
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calculated via Gibbs reactor at 950K and above. However, no reaction occurred below this 
temperature. Nonetheless, by removing carbon from the list of components, similar results 
could be obtained, as shown in Figure 3.7.  The same results could also be obtained if carbon 
is included, only if other components, as shown in Table 3.1, are also present.  
 
Figure 3.6:  Number of moles of H2 and mole fraction of H2 based on steam reforming of 
glycerol thermodynamic analysis at 1 atm (Adhikari et al.) 
(a)  (b)  
Figure 3.7: Number of moles of H2 and mole fraction of H2 based on steam reforming of 
glycerol thermodynamic analysis at 1 atm (this work) 
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3.4 Comparison of Property Packages 
As mentioned earlier, three property packages, which are compatible with oxygenated 
hydrocarbons, were tested via Aspen-HYSYS. Based on the three simulation packages tested, 
the Wilson package was not able to predict the reactor’s output for most of the temperatures 
close to 600 
o
C and above. As the temperature exceeded 600 
o
C, no conversion of oxygenates 
could be observed. On the other hand, SRK-Twu, as an example, gave similar results to PR-
Twu up to 891.7 
o
C for glycerol steam reforming, but, even with the maximum possible 
iterations, was not able to yield any results above this temperature. The possible reason is due 
to the change of molar enthalpy and heat flow above 900 
o
C from a negative to a positive 
value, which cannot be adequately predicted by the SRK equation of state. The changes of 
enthalpy and heat flow are shown in Figure 3.8. The PR-Twu is the best package as it could 
predict the condition of the reaction over 1000 
o
C. To date, no other published work has 
discussed using the PR-Twu as a property package for oxygenated hydrocarbons in HYSYS; 
hence, PR-Twu was chosen for the entire simulation.  
 
Figure 3.8: Molar enthalpy (  ) and heat flow (   ) for Glycerol Steam Reforming products via  
PR-Twu property package 
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3.5 Autothermal Reforming at Thermoneutral Condition Study 
Thermoneutral refers to the condition where the oxygen supplied at a certain temperature is 
sufficient to heat the reactor and there is no requirement to provide external heating to the 
reactor [3]. The reactor will therefore behave adiabatically.  
3.5.1 Self-sustainability Study and the Effect of the Reactor Inlet Temperature 
This study is conducted to investigate the self-sustainability of oxygenates to provide internal 
heating energy via the oxygen atoms attached to them. The homologues, water, and nitrogen 
streamline as an inert stream line in Aspen-HYSYS were preheated from 200 to 700 
o
C prior 
to entering the reactor whereas, no heating was provided in the reactor itself. The steam to 
fuel ratio was fixed at 6 to 1 for all oxygenates. Two conditions were tested, i.e. when there 
was no additional air provided, hence the oxygen to carbon (O/C) ratio was 0, and when some 
amount of external air was provided to fulfil the condition of O/C = 0.75 for all fuels. The 
temperature profile obtained from the simulation is depicted in Figure 3.9. 
 
(a) 
 
(b) 
Figure 3.9 (a) and (b): Reactor's Temperature Profile for Different Feedstock Entering 
Temperature ((a) O/C=0 and (b) O/C = 0.75) 
From the temperature profile in Figure 3.9 (a), it is interesting to observe that for the set of 
homologues, they were only able to sustain the reaction’s temperature in the reactor up to 400 
o
C, whereas at this temperature only two oxygenates (glycerol and ethylene glycol) were able 
to meet the pre-heated temperature and another two oxygenates (ethanol and propylene 
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glycol), fell below 400 
o
C.  However, as the temperature increased, all oxygenates fell below 
the pre-heated temperature in the endothermic region and were unable to sustain the intended 
reaction’s operating temperature. 
It was deduced that the inability of ethanol and propylene glycol to meet the required 
temperature at 400 
o
C may be related to the deficiency of oxygen atoms to provide sufficient 
internal energy to the reaction system. Ethanol has the oxygen to carbon (O/C) ratio of 0.5, 
whereas for propylene glycol, the O/C is 0.67. The O/C for both ethylene glycol and glycerol 
otherwise are 1. This explains the possibility of ethanol and propylene glycol to have a higher 
temperature drop compared to other oxygenates. By adding some amount of air to the system, 
at an approximate ratio of O/C=0.75 for all oxygenates, the pattern shown in Figure 3.9 (b) is 
observed, which significantly improved the reactor’s operating temperature by always 
maintaining the reaction temperature above the exothermic-endothermic line. 
In order to support the abovementioned claim, the reaction was considered for each 
homologue dissociating into CO2 and H2. The bond enthalpies, as shown in Appendix 1.1 
[24], were used to calculate the amount of energy required from each homologue to produce 
CO2 and H2. The enthalpy calculations are shown in Appendix 1.2 for each homologue and 
the results are tabulated in Table 3.3. 
Homologue 
Total bonds enthalpy 
on reactant side, Hr 
Total bonds enthalpy 
on product side, Hp 
Hr - Hp = ΔHf298K 
Ethanol  
 
6045 5836 +209 
Ethylene Glycol 
 
5518 5400 +118 
Propylene Glycol 
 
8574 8318 +256 
Glycerol 
 
8047 7882 +165 
Table 3.3: Summary of bond enthalpies calculations for each homologue 
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From Table 3.3, it can be demonstrated that ethylene glycol and glycerol require the least 
external energy to be reformed into CO2 and H2 in contrast to both ethanol and propylene 
glycol. This suggests that this finding corroborates with the earlier assumption of which 
ethylene glycol and glycerol, both with O/C ratio of 1, have a higher internal energy to 
sustain their thermoneutral condition at a certain temperature in comparison to ethanol and 
propylene glycol.   
 
(a) 
 
(b) 
Figure 3.10: Hydrogen molar flow (mol/hour) for different reactor inlet temperature:  
(a) O/C = 0, (b) O/C = 0.75 
The hydrogen molar flow rates for all oxygenates that underwent autothermal steam 
reforming are shown in Figure 3.10. As the temperature increased, a higher molar flow rate of 
hydrogen was observed due to the increased reverse methanation [3]. It was observed that for 
this homologue series of CxHyOz, for a higher y value, i.e. the hydrogen atom in the 
oxygenate molecules, a higher molar flow rate of hydrogen gas was expected. This also 
depended on the y:z ratio, in which the higher the ratio, the greater the amount of hydrogen 
produced. The summary of the respective ratios is shown in Table 3.4.  
Interestingly, the addition of air lowered the amount of hydrogen produced compared to no 
additional air provided, even though it maintained the reaction at a higher temperature than 
the inlet temperature. This can be explained based on Figures 3.11 to 3.13 concerning the 
production of methane, CO and CO2, which suggested that other side reactions existed in the 
presence of additional oxygen.   
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Oxygenates x y z y:x y:z x:z 
H2 600
o
C 
(mol/hour) 
O/C=0 
H2 600
o
C 
(mol/hour) 
O/C=0.75 
C2H6O 2 6 1 3 6 2 5.20 3.95 
C2H6O2 2 6 2 3 3 1 4.51 3.03 
C3H8O2 3 8 2 2.67 4 1.5 6.10 5.46 
C3H8O3 3 8 3 2.67 2.67 1 5.86 3.87 
  Table 3.4: x,y,z values of the oxygenate homologues with the respective ratios and hydrogen 
molar flow rate at 600 
o
C for both conditions (O/C=0 and O/C=0.75) 
 
(a) 
 
(b) 
Figure 3.11: Methane molar flow (mol/hour) for different reactor inlet temperatures:  
(a) O/C = 0, (b) O/C = 0.75 
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(a) 
 
(b) 
Figure 3.12: CO molar flow (mol/hour) for different reactor inlet temperatures:  
(a) O/C = 0, (b) O/C = 0.75 
 
(a) 
 
(b) 
Figure 3.13: CO2 molar flow (mol/hour) for different reactor inlet temperatures:  
(a) O/C = 0, (b) O/C = 0.75 
The flow rate of methane produced with the presence of additional air was lower compared to 
when no air was provided, resulting from the oxidation of methane to CO and CO2. This 
explains the increase of CO2 and CO when there is additional air provided, especially at a 
higher reaction temperature.  
                                (3.23)                       
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                                     (3.24)      
It can be concluded that there was a competitive reaction taking place altogether with the 
steam reforming when additional air was supplied, hence leading to the reduction of 
hydrogen and methane flow rate. The observation on the steam net balance also showed a 
significant difference of how much steam or water was consumed or produced, as shown in 
Figure 3.14. A negative value indicates that more steam/water is produced rather than 
consumed. This suggested that instead of steam reforming taking place, oxidation occurred 
and produced more water and CO2 when more air was supplied (O/C=0.75).  
 
(a) 
 
(b) 
Figure 3.14: Steam/ Water Consumed (%) in Autothermal Steam Reforming Reactor:  
(a) O/C=0, (b) O/C= 0.75 
 The effectiveness of water gas shift reaction (WGS) was measured by calculating CO/CO2 
ratio, as shown in Figure 3.15. As the temperature increased, CO increased, and CO2 
decreased due to the reverse water gas shift reaction (RWGS). Whilst the addition of air 
might reduce the CO/CO2 ratio of ethylene glycol and glycerol at temperatures of more than 
600 
o
C, it can be observed that within a window temperature from 400 to 600 
o
C, higher CO 
was observed with additional air presence due to the exothermicity of the reaction 
environment. This leads to the partial oxidation of the fuel; taking the example of ethanol and 
glycerol, as in the following: 
       
 
 
                          (3.25) 
       
 
 
                                     (3.26) 
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(a) 
 
(b) 
Figure 3.15: CO/CO2 ratio for different reactor inlet temperature:  
(a) O/C=0, (b) O/C= 0.75 
3.5.2 Effect of O/C Ratio 
A further simulation test was carried out to determine the effect of adding air into the system 
by manipulating the oxygen to carbon (O/C) content. The entering feedstock temperature was 
fixed at 400 
o
C for all oxygenated hydrocarbons to ensure that the highest boiling point 
component, such as glycerol, would completely vaporise prior to entering the reactor. The 
steam to fuel ratio was fixed at 6 to 1. The volumetric flow rate of nitrogen (inclusive of N2 
from air stream) was fixed at 80% v/v. The oxygen to carbon ratio was varied from O/C=0 up 
to O/C=2. The temperature profile of the reactor, CO/CO2 ratio and hydrogen selectivity is 
shown in Figures 3.16 and 3.17, respectively.  
From Figure 3.16, ethylene glycol and glycerol, being the oxygenated hydrocarbons with a 
high O/C ratio in each molecule, shot to a higher temperature when air was fed into the 
system, compared to ethanol and propylene glycol. Ethylene glycol also had a lower CO/CO2 
ratio among the other oxygenates. It could also be implied that ethylene glycol and glycerol 
only needed a small injection of air into the system, i.e. with O/C=0.5 to improve the 
hydrogen yield, as shown in Figure 3.17 (a), compared to ethanol (O/C=0.75) and propylene 
glycol (O/C=1.1). As O/C increased for all oxygenates beyond the optimum point, the 
hydrogen, CO and methane flow rate fell resulting from the excess amount of oxygen that led 
to complete oxidation, and suppressed steam reforming. The exothermicity of the reaction led 
to complete oxidation that yielded more CO2. All the oxygen supplied for the O/C ratios 
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tested were completely consumed, whilst the percentage of water consumed reduced, as 
shown in Figure 3.18, suggesting that, initially, all the fuels underwent oxidation reaction, 
and only then followed by steam reforming reaction. While a more interesting discussion 
could be generated here, the main focus in this chapter is in the next section; section 3.7. 
 
Figure 3.16: Reactor’s adiabatic temperature and CO/CO2 ratio with respect to oxygen/carbon 
(O/C) ratio 
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Figure 3.17: Products molar flow rate with respect to oxygen/carbon (O/C) ratio  
(a) Hydrogen, (b) Methane, (c) CO, (d) CO2 
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Figure 3.18: Steam/ water consumed (%) with respect to O/C ratio 
 
3.6 Steam Reforming Study 
For a comparability study with experimental work, steam reforming simulation was carried 
out using the Gibbs energy minimization method, by applying the available Gibbs reactor 
from the simulation package. Steam reforming was conducted in the isothermal system where 
there was no external air supplied but external heating was provided to the system.  
3.6.1 Effect of Steam to Fuel Molar Ratio 
The temperature in the reactor was fixed at 600 
o
C, while the steam to fuel ratio was varied 
from 1 to 10. The vaporiser temperature for each oxygenate was set at 200 
o
C (ethanol), 300 
o
C (ethylene glycol and propylene glycol), and 400 
o
C (glycerol) to ensure the oxygenate was 
completely vaporised to a gaseous state. It has been verified that the vaporiser temperature 
does not affect the product output at a fixed reactor temperature. The molar flow rate of the 
oxygenates was fixed at 1 mol/hour. While all the oxygenates undergo complete conversion 
to gas, there was no other component present at the reactor effluent other than the hydrogen, 
CO, CO2, and CH4. The selectivity for all gases, as well as CO/CO2 ratio as a measure of 
water gas shift reaction (WGS), is depicted in Figures 3.19 to 3.22, respectively.  
At a lower steam to fuel ratio for all oxygenates, the competitive parallel reaction in this 
system was methane production. In ethanol steam reforming, methane was produced resulting 
from the decomposition of ethanol. Casanovas et al. and Zhang et al. [25, 26] reported that 
during the reforming process, ethanol was highly favoured to undergo ethanol 
dehydrogenation, which ultimately formed acetaldehyde as the reaction intermediate. This 
was possible since dehydrogenation of ethanol, even though it is endothermic in reaction, was 
at a lower magnitude compared to the endothermic steam reforming process. Ethanol 
dehydrogenated into acetaldehyde as an intermediate product and acetaldehyde (CH3CHO) 
further decomposed into methane and carbon monoxide. The dehydrogenation of ethanol 
produced acetaldehyde and hydrogen, which follows this stoichiometric reaction: 
                                                                                                                (3.27)               
Acetaldehyde undergoes decomposition to methane and carbon monoxide, respectively:  
                                     (3.28) 
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Based on this, the choice of catalyst is highly crucial to route the reaction to the desired 
products [27]. From the equilibrium study, a further check on the simulation results indicated 
that acetaldehyde was produced as a trace compound, and there was a decreasing pattern of 
methane and carbon monoxide as the steam to fuel ratio was increased.   
As for other oxygenates, similar hydrogen selectivity increased with increasing steam-to-fuel 
ratio. The CO/CO2 also decreased, suggesting that an active water gas shift reaction took 
place at 600 
o
C. Ethylene glycol, as simulated, had shown its capability as an excellent 
reactant for hydrogen production based on high H2 selectivity with the lowest CO/CO2 ratio 
for the range specified. It is interesting to observe that for glycerol and ethylene glycol, the 
CO/CO2 ratio for both reactants were lower than ethanol and propylene glycol even at a low 
steam to fuel ratio. This was believed to be from the presence of sufficient oxygen atoms with 
respect to the number of carbon atoms in each molecule. At a low steam to fuel ratio, all the 
reactants have a tendency to decompose or dehydrate due to the insufficient amount of steam 
provided, hence producing a larger amount of CO in comparison to CO2. It was only when 
excess steam was provided that the water gas shifts reaction becomes active and converts CO 
to CO2 at this particular temperature. The excess oxygen atom in each molecule is 
proportionate to the production of CO2 at a low steam to fuel (S/F) ratio. The CO2 selectivity 
for ethylene glycol and glycerol steam reforming at S/F=1 was 27.8 and 27.2, respectively. 
However, as for propylene glycol and ethanol, at S/F=1, the CO2 selectivity was 9.5 and 8.1, 
correspondingly.  
Although operating at a higher steam to fuel ratio is desirable to yield higher H2, the reactor 
loading would be huge and costly [28]. Therefore, with a good catalyst design, the steam to 
fuel ratio may be reduced to achieve a considerable yield of hydrogen, reduced methane, and 
low CO/CO2 ratio. 
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Figure 3.19: Effect of steam to ethanol ratio 
to gas products selectivity and  
CO/CO2 ratio at Treactor= 600 
o
c 
 
Figure 3.20: Effect of steam to ethylene 
glycol ratio to gas products selectivity and  
CO/CO2 ratio at Treactor= 600 
o
C 
 
Figure 3.21: Effect of steam to propylene 
glycol ratio to gas products selectivity and  
CO/CO2 ratio at Treactor= 600 
o
c 
 
Figure 3.22: Effect of steam to glycerol ratio 
to gas products selectivity and  
CO/CO2 ratio at Treactor= 600 
o
c 
 
 
 
 
3.6.2 Effect of Temperature 
Figures 3.23 to 3.27 describe the effect of temperature on each oxygenated hydrocarbon 
steam reforming. The steam to fuel ratio was fixed at 6 to 1 for all oxygenates while the 
reforming temperature was varied from 300 to 1000 
o
C. Nitrogen was used as the carrier gas, 
of which the volume of Nitrogen was 80% v/v out of total gas, including vaporised 
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oxygenates and water prior to entering the reactor. Based on the observation, steam reforming 
was highly active at 600 
o
C for all oxygenates where the hydrogen reached 80 to 90% 
selectivity. This is supported based on the evidence obtained from Figure 3.23, of which the 
steam was highly utilized at the optimum hydrogen production temperature. At 600 
o
C, the 
amount of water/steam exited the reactor least, suggesting that steam reforming was highly 
active at this temperature, as well as the water gas shift reaction.  
 
Figure 3.23: The percentage of steam/water consumed in the oxygenates  
steam reforming reactor 
As for all oxygenated hydrocarbons steam reforming, hydrogen had the highest selectivity at 
600 
o
C, whilst CO2 was the highest at 500 
o
C. This concurs with Sahoo et al. [29], for which 
the water gas shift reaction was active at 500 
o
C and when the temperature increased beyond 
600 
o
C, a reverse water gas shift reaction may occur resulting in an increased amount of 
carbon monoxide, hence, the reduction of carbon dioxide. Methane decreased as the 
temperature increased due to two possibilities, i.e. either methane was converted to H2 and 
CO2 via steam reforming or steam reforming of oxygenates were more favourable over 
decomposition at a higher temperature. Reverse methanation may also occur that decomposed 
methane into carbon and hydrogen. Unfortunately, Aspen-HYSYS had limitations in 
quantifying the carbon at equilibrium. 
The decomposition of oxygenates was favoured at a temperature below 500 
o
C, as proven by 
the high water flow rate exiting the reactor (less water being consumed, as shown in Figure 
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3.23), and the production of methane was high from 300 to 500 
o
C. The build-up of CO for 
all oxygenates steam reforming may not only come from reverse water gas shift reaction, but 
it is possible via the Bouduard reaction as follows: 
            (      
  = -172.4 kJ/mol)        (3.29) 
The Bouduard reaction was reversible at high temperature, suggesting that the increase of CO 
may be contributed from this reaction above 700 
o
C. The increase of CO contributed to the 
increased CO/CO2 ratio as the temperature increased. Evidently, among all the oxygenates, 
propylene glycol yielded the highest CO production at high reaction temperature (above 600 
o
C), which increased its CO/CO2 ratio. 
  
Figure 3.24: Effect of temperature to gas 
selectivity on ethanol steam reforming 
Figure 3.25: Effect of temperature to gas 
selectivity on ethylene glycol steam 
reforming 
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Figure 3.26: Effect of temperature to gas 
selectivity on propylene glycol steam 
reforming 
Figure 3.27: Effect of temperature to gas 
selectivity on glycerol steam reforming 
 
3.6.3: Case Study: A Comparison on Thermodynamic Analysis Study of Ethanol and 
Glycerol Steam Reforming 
It is of interest to observe the finding made using this work and make a direct comparison 
study with that previously undertaken by other researchers. The comparison is useful to 
determine whether this work is in agreement with or contrary to other work, and, to justify 
the differences, if any.  
A critical comparison was made between this work and Rossi et al. [4] using similar 
parameters in thermodynamic analysis of ethanol steam reforming. The only difference 
between this work and Rossi et al. was the chemical species defined in the system tested. 
While Rossi et al. only defined C2H5OH, H2O, CO2, H2, CO, CH4, and CH3CHO as the 
products of reaction,  the chemical species defined in this work is as shown in Table 3.1, also 
includes ethylene (C2H4), and ethane (C2H6, as well as inert gas (Nitrogen). Two plots can be 
compared, as shown in Figure 3.28.  
 
(a) 
 
(b) 
Figure 3.28: (a) Rossi et al. vs. (b) This work (revisited): Comparison with the presence of 
additional species in this work to equimolar mixture ethanol steam reforming  
thermodynamic analysis at 1 atm 
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It can be observed from Figure 3.4, that, similarly, the work from Rossi et al. can be 
reproduced, however, by introducing the additional components, it can be suggested that at 
low temperature (100-300 
o
C), the reaction was prone to produce ethylene via dehydration, 
which they failed to discuss. Significantly, the water or steam provided increased with the 
increased production of ethylene. Thermal decomposition and steam reforming only occurred 
above 600 K with an initial large amount of methane at this temperature, which results from 
the decomposition of ethanol into methane, hydrogen, and CO: 
                (3.27) 
Another comparison was made between this work and Vasudeva et al. [1]. They omitted 
ethane, but included carbon in their work using sequential quadratic programming (SQP). 
The reforming was studied at 1000 K (727 
o
C) and atmospheric pressure. The outcome is 
shown in Figures 3.29 (a) and (b). It was found that this work is in agreement with Vasudeva 
et al. for a steam to ethanol ratio of 2:1 and above. However, when there was no steam 
present, i.e. a steam to ethanol ratio of 0:1, Vasudeva’s work predicted the presence of carbon 
at this condition, whilst there was no indication of the presence of carbon in this work. They 
did not include ethane species, but there is no significant difference between both works. 
Even though there is a possibility that Vasudeva et al. might present it correctly at a steam to 
fuel ratio of 0:1, for which they predicted the presence of carbon, there should be a 
consideration of a reverse Bouduard reaction, which occurs at 700 
o
C and above.  
In general, this work on thermodynamic analysis of ethanol steam reforming agrees more 
with Vasudeva et al.  in comparison to the work carried out by Rossi et al.   
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Figure 3.29: This work (a) vs. Vasudeva et al. (b): Comparison of thermodynamic analysis of 
ethanol steam reforming at 1000 K 
With respect to glycerol steam reforming thermodynamic analysis, this work is compared 
with Adhikari et al. and Wang et al. [5, 7]. As previously discussed in section 3.4.3, the 
property package chosen for Aspen-HYSYS with similar species (including carbon) was not 
able to make a similar estimation to what Adhikari et al. predicted, except when the carbon 
species was removed. However, when more species were included as intermediate species, as 
can be referred to in Table 3.1, the inclusion of carbon as the additional species gave similar 
results as Adhikari’s, hence the plots, as shown in Figure 3.7, remain unchanged. The only 
limitation from Aspen-HYSYS is the capability for predicting the carbon formation as none 
of the property packages tested could give any indication of carbon formation. In addition, 
Gibbs reactor only predicted the liquid and vapour phases as the reactor effluent.  
Wang et al. studied the thermodynamic analysis of glycerol steam reforming using Matlab 
and Lagrange’s multiplier method, incorporating Soave-Redlich-Kwong (SRK) equation of 
state.  In comparison to their work, the plot, as shown in Figures 3.30 (a) and (b), indicates 
there was no significant difference with the estimation of hydrogen molar flow rate at 1 atm, 
with a steam to fuel ratio at 3:1 and temperature range from 500 to 1000 K.  A higher 
pressure operation was not in the best interests of this work, and, thus, no comparison was 
carried out with Wang’s work.  
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(a) 
 
(b) 
Figure 3.30: (a) Wang et al. vs. (b) This Work: Comparison of thermodynamic analysis on 
glycerin steam reforming at 1 atm, steam to fuel ratio of 3:1. 
From the comparison with several thermodynamic analysis carried out by other researchers, it 
can be justified that the data generated by this work is generally acceptable. The only 
limitation of Aspen-HYSYS is to indicate the presence of carbon as the reactor effluent. 
However, this does not affect the parameters studied and the conditions of the reactions 
studied.  
 
 
 
 
 
 
 
 
3.7 Steam Reforming Study: Studies at Real Experimental Conditions 
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It is learnt that the previous simulation cannot be directly compared with the experimental 
data due to the limitation of the syringe pump used in the real experiment. Each run was 
adjusted to fulfil the conditions of the set in the real experimental work as follows: 
Reactant Steam to Fuel Ratio Temperature (
o
C) 
Ethanol 6.5 500,600 
Ethylene Glycol 6.2 500,600 
Propylene Glycol 8.2 500,600 
Glycerol 8.1/12.1/20.2 400,500,600,700 
Table 3.5: Conditions set for Aspen-HYSYS simulation based on the experimental setup 
Based on the above simulations, the results are shown in Table 3.6 for ethanol, ethylene 
glycol, and propylene glycol, and in Table 3.7, the equilibrium results for glycerol. These 
simulation results are discussed in Chapters 5, 6, and 7 to compare with the experimental 
results obtained.  
Parameters 
Oxygenates Reaction Temperature/
o
C 
Ethanol 
Ethylene 
Glycol 
Propylene 
Glycol 
500 600 500 600 500 600 
H2 Yield (%) 62 85 73 88 64 84 
CH4 Selectivity (%) 26 4 14 1 21 3 
CO2 Selectivity (%) 64 67 76 72 67 66 
CO Selectivity (%) 10 29 10 25 11 31 
CO/CO2 0.15 0.44 0.14 0.34 0.17 0.47 
H2 molar flow rate (mol/hr) 0.10 0.14 0.11 0.13 0.11 0.15 
CH4 molar flow rate (mol/hr) 0.01 0.00 0.11 0.13 0.01 0.00 
CO2 molar flow rate (mol/hr) 0.04 0.04 0.01 0.00 0.04 0.04 
CO molar flow rate (mol/hr) 0.01 0.02 0.04 0.04 0.01 0.02 
Table 3.6: Simulation results based on real experimental conditions for Ethanol, Ethylene 
Glycol and Propylene Glycol 
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Parameters 
Steam to Fuel Ratio  
(S/F = 8.1/1) 
600 
o
C 
400 500 600 700 
S/F= 
12.1/1 
S/F= 
20.2/1 
H2 Yield (%) 27 58 82 84 88.20 94.02 
CH4 Selectivity (%) 42 23 4.2 0.3 2.33 0.50 
CO2 Selectivity (%) 57 70 71 63 79.47 87.59 
CO Selectivity (%) 1.1 7.9 25 37 18.20 11.91 
CO/CO2 0.02 0.11 0.35 0.58 0.23 0.14 
H2 molar flow rate (mol/hr) 0.04 0.09 0.13 0.13 0.14 0.15 
CH4 molar flow rate (mol/hr) 0.03 0.01 0.00 0.00 0.00 0.00 
CO2 molar flow rate (mol/hr) 0.04 0.05 0.05 0.04 0.05 0.06 
CO molar flow rate (mol/hr) 0.00 0.01 0.02 0.02 0.01 0.01 
Table 3.7: Simulation results based on real experimental conditions for Glycerol 
 
3.8 Conclusion 
Thermodynamic analysis of oxygenated hydrocarbons reforming consisted of a homologues 
series of ethanol to glycerol, which was studied using Gibbs minimisation energy method via 
Aspen-HYSYS. The species presented in the reaction, however, was not compatible with the 
typical equation of states, such as Peng-Robinson or Soave-Redlich-Kwong, and, therefore, 
the modification of these equations were tested. The PR-Twu property package was chosen 
and this was validated with the data obtained from the work of other researchers for similar 
reactions. It can be confirmed that this model worked well and was compatible with all the 
species predicted to be present in the reaction.  
Autothermal steam reforming and steam reforming were studied for each oxygenate and the 
optimum condition for each oxygenate was obtained accordingly. The initial oxygen to 
carbon ratio (O/C) ratio for each oxygenate was significant to assist the reaction at a 
thermoneutral condition. None of the reactants could sustain the heating at a supplied 
temperature above 400 
o
C and fell in the endothermic region, and, therefore, needed some 
external heat; in this study air/O2 was used to push the reactions into the exothermic region. 
Whilst glycerol and ethylene glycol required a small amount of air injection to give optimum 
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performance, more air was required for ethanol and propylene glycol since the O/C ratio for 
both ethanol and propylene glycol are low.  
The steam reforming of these homologues was also studied according to the effect of the 
steam to fuel ratio and the effect of the reaction temperature. The findings generally agreed 
with other researchers that a higher steam to fuel ratio would yield higher hydrogen. 
However, this has to be looked at in terms of the economic perspective of which the higher 
loading of the steam will expand the reactor’s size, and therefore, is not economically wise to 
do so. There is also a higher energy demand for raising the excess steam to achieve these high 
steam ratios, which also increases the operating costs, as supported by Dupont et al. [30]. 
Steam reforming at atmospheric pressure is best to be conducted at between 600 and 700 
o
C 
for all oxygenates to obtain a high yield of hydrogen and CO2 in the presence of a good 
catalyst design. This will also reduce other by-products, such as methane. However, as for 
syn gas (H2 & CO) formation, the operation temperature should go above 700 
o
C as the 
reverse Bouduard reaction can assist at this temperature to give more CO.  
Critical comparisons have been made between this work and several works on ethanol and 
glycerol steam reforming thermodynamic analysis. The estimation made by this work 
provided a generally acceptable outcome with the only limitation that Aspen-HYSYS cannot 
make any prediction on carbon formation.  
Finally, this equilibrium study was also carried out using real experimental conditions for all 
oxygenates as a means to compare with the experimental results discussed in other chapters.  
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CHAPTER 4: CATALYST CHARACTERISATION AND GENERAL 
EXPERIMENTAL SETUP 
 
4.1 Introduction 
As mentioned earlier in the first chapter, the main objective of this doctoral research is to 
investigate and analyse the performance of steam reforming of oxygenated hydrocarbons 
using several catalysts. The catalysts used for the purposes of this research are solid in nature 
and therefore heterogeneous reactions (gas-solid) will take place within the reactor bed. 
Chapter 4 aims to describe the method of preparation and the characterisation of these 
catalysts. This chapter will not only describe and illustrate the experimental setup and 
methodology of the tests conducted, but will also highlight the calculations involved to 
ensure the reliability and validity of the data collection. 
4.2 Catalyst Preparation and Characterization 
A commercial catalyst (18 wt% Ni, 12 wt% Ca) on alumina, obtained from Alfa Aesar, 
known as Hi-FUEL R110 (Hi-FUEL) was used and investigated for the purposes of this 
research. This catalyst is greyish in colour prior to reduction, shaped in a 4-flute dome 
cylinder with the mean length of 13 mm and an average diameter of 10 mm. Each flute 
diameter is 2 mm. The bulk density of this catalyst is 0.9 g/cm
3
, as reported by the 
manufacturer. Another commercial Ni/Al2O3 catalyst (15 wt%Ni) was also used as a 
comparison study with the above mentioned catalyst, denoted as NiAl(C). Altogether, there 
were six other catalysts prepared via the impregnation method, i.e. 15wt% Ni on γ –alumina, 
3, 7, and 9 wt%  Ca on γ –alumina, as well as 15 wt% Ni promoted with 3 and 7 wt% Ca on γ 
–alumina. These catalysts are denoted as follows: NiAl(S), 3Ca, 7Ca, 9Ca, 15Ni3Ca, and 
15Ni7Ca, respectively.   
For the preparation of the calcium based catalysts, the precursor of calcium (calcium acetate 
hydrate, C4H6CaO4.xH2O, Sigma-Aldrich UK) was weighed accordingly and diluted in  
5-10 ml of DI water. The alumina (ACROS ORGANICS, 99%, extra pure) was added to the 
function as support and the mixture was stirred continuously at room temperature using a 
magnetic stirrer for up to 24 hours.  
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With respect to the preparation of 15Ni3Ca and 15Ni7Ca, the nickel precursor (nickel nitrate, 
Ni(NO3)2.6H2O, BDH Chemicals Ltd, Poole, England) was diluted and mixed with the 
calcium precursor, as mentioned earlier. The mixture was stirred continuously using a 
magnetic stirrer for 24 hours. Later, alumina was added and stirred continuously again at 
room temperature for another 24 hours. Similarly, for the preparation of NiAl(S), the nickel 
precursor was impregnated on alumina to make up for the 15wt% of the final Ni loading.  
These prepared catalysts were dried at 80 
o
C for 12 hours using a hot plate to vaporise the 
excessive water content. The dried catalysts were further heated in an oven at  
110 
o
C for another 12 hours to completely remove any remaining moisture in the catalysts. 
The prepared catalysts were calcined in batches in a static air oven at 773 K for 12 hours. 
Similarly, alumina, which was also calcined using the same temperature for further tests, is 
denoted as Al2O3.  
All the catalysts (including the Hi-FUEL and NiAl(C)) were characterised using the XRF 
Spectrometer to identify the components and the metal loading weight percentage.  Nitrogen 
physisorption (Micromeritics Tristar apparatus) was employed to determine the morphology 
and physical properties of these catalysts of which the BET surface area, the total pore 
volume, and the average pore diameters were determined. The samples were degassed at 220 
o
C to ensure that all the moisture was completely removed. The TPDRO machine (Thermo 
Finnigan, 1100 SERIES) was used to study the temperature programme reduction (TPR) for 
each catalyst at 10 
o
C/min up to 1173 K. A 50mg sample of the catalyst was loaded into a 
glass column, which was placed inside the equipment under the flow of pure hydrogen at 20 
ml/min.  Hi-FUEL was also further tested with different heating rates, i.e. at 5, 10, and 15 
o
C/min to determine the activation energy associated with each peak.  
The type and quantity of carbon deposited on the spent catalysts were analysed using a 
CHNS Analyzer (LECO, VTF900) and Thermogravimetric Analyser (Perkin Elmer, Pyris 1). 
TEM (LIBRA 200FE, Carl Zeiss) and FESEM (Supra 55VP, Carl Zeiss) were utilised to 
produce images of the catalysts surface prior and after tests. In FESEM, the samples were 
mounted on aluminium stubs using carbon tape. The images were taken at 5kV of the beam 
voltages.  
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4.3 Characterisation Results 
4.3.1 XRF and BET Analyses  
The XRF analysis results corresponded with the weighed amount of the impregnated metals 
onto the alumina with an error of not more than ±13%. Table 4.1 indicates the nickel and 
calcium contents and the BET properties for each of the catalysts tested. 
Sample/ 
Al2O3 
Ni content 
wt% 
Theoretical 
(Real)
*
 
Ca content 
wt% 
Theoretical 
(Real)
*
 
% of 
difference 
between 
Theoretical 
and Real 
SBET(m
2
/g)
**
 Total 
Pore 
Volume 
(cm
3
/g)
**
 
Average 
pore size 
(nm)
**
 
3Ca - 3 (2.63) 12.33 148.03 0.436 8.49 
7Ca - 7 (6.8) 2.86 130.89 0.379 8.65 
9Ca - 9 (9.6) 6.67 114.86 0.356 8.70 
15Ni3Ca 15 (14.3) 3 (2.4) 7.22 110.15 0.299 8.74 
15Ni7Ca 15 (14.3) 7 (7.3) 1.82 96.57 0.240 7.48 
Hi-
FUEL 
18 (18.6) 12 (12.4) 3.33 13.44 0.057 16.08 
NiAl(C) 15 (15.8) - 5.33 112.28 0.354 10.23 
NiAl(S) 15 (16.1) - 7.33 119.01 0.330 8.478 
Table 4.1: Catalysts’ elemental and morphology properties analysis (* as measured by XRF 
Spectroscopy, 
**
 as measured by BET Analyser) 
With reference to Table 4.1, the total surface area and the total pore volume significantly 
reduced as the calcium loading increased. In agreement with Choong et al. [1], the pore size 
increased as the calcium loading increased. The further addition of nickel reduced the BET 
surface area, the total pore volume, and reduced the average pore size.  However, in Hi-
FUEL, the alumina support was believed to be either α-alumina or a formation of calcium 
aluminate CaAl2O4, hence it had a very low total surface area in comparison to the remaining 
catalysts which were on γ-alumina support [2].  By comparing NiAl(C) and NiAl(S), these 
two catalysts are believed to share almost similar properties, except the average pore size in 
NiAl(S) is smaller than in NiAl(C).  
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 4.3.2 Temperature Programme Reduction Analysis (TPR) 
The hydrogen chemisorption study is presented in Figure 4.1 below. The peaks associated 
with each catalyst are tabulated in Table 4.2: 
Peaks 
Temperature/ 
Catalyst 
Bulk NiO  
(Free Nickel)  
(K) 
NiO interacted 
with Alumina 
(Fixed Nickel) 
(K) 
Nickel 
Aluminate 
(NiAl2O4) (K) 
CaO interacted 
with Alumina 
(K) 
3Ca - - - 973 
7Ca - - - 1010 
9Ca - - - 1033 
15Ni3Ca - 788 980 1107 
15Ni7Ca 622 703 984 1110 
Hi-FUEL - 723 953 1088 
NiAl(C) 595 788 - - 
NiAl(S) - 902 1071 - 
Table 4.2: Hydrogen adsorption peaks of metal elements after reduction using the TPR 
method 
It can be observed from Table 4.2 and Figure 4.1 that CaO interacted with alumina and that it 
could only be reduced by hydrogen above 900 K. The increase of calcium loading shifted the 
calcium reduction temperature to the right with the following peaks temperature: 3Ca  
(973 K), 7Ca (1010 K), and 9Ca (1033 K), respectively, which suggests the formation of 
calcium aluminate. Nickel peaks can be identified from the several significant/noticeable 
peaks; it is a bulk of NiO, known as ‘free nickel’ or ‘fixed nickel’ when supported with 
alumina or it forms nickel aluminate (NiAl2O4), when it is heavily impregnated on alumina 
[3]. On the Hi-FUEL catalyst surface, nickel was found to be present in fixed nickel and 
formed nickel aluminate. Ca doped on Hi-FUEL was found to interact with the support based 
on the TPR peak temperature at 1088 K. It is assumed to have similar peak properties to 3Ca, 
7Ca, and 9Ca. It was observed that calcium doped on nickel/alumina catalyst shifted the 
reduction temperature to the left, i.e. lowered the nickel reduction temperature by forming 
more free nickel and fixed nickel, hence allowing the nickel metal to be more active in the 
reaction afterwards. It is vital to mention here that the findings above matched that of Choong 
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et al. [1], whereby the presence of calcium lowered the tendency of nickel aluminate 
formation and was likely to form calcium aluminate. 
In NiAl(C) and NiAl(S), it was observed that more free nickel was obtained via NiAl(C), 
whilst none was found on NiAl(S). This difference could be related to the method of 
preparation for both catalysts. When a similar method of preparation of NiAl(S) was applied 
in comparison to Hi-FUEL, 15Ni3Ca, and 15Ni7Ca, the temperature of reduction for nickel 
in NiAl(S) shifted to the left due to the presence of the calcium promoter that shared similar 
support.  
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Figure 4.1: Temperature Programme Reduction (TPR) profiles of fresh calcined samples of Al2O3 supported catalysts 
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Figure 4.2: TPR Profiles for fresh Hi-FUEL catalyst at different heating rates 
Hi-FUEL was reduced at different heating rates to identify the activation energy of each 
associated peak using the Kissinger method. The maximum temperatures of the peaks that 
were associated with fixed nickel, nickel aluminate, and calcium on alumina were denoted as 
I, II, and III, respectively, as shown in Figure 4.2. The Kissinger equation [4] is described as 
follows: 
  (
 
    
 )    (
  
 
)
    
    
                            (4.1) 
Where 
  = heating rate (K-1) 
Tmax = maximum peak temperature 
  = constant 
   = activation energy (kJ/mol) 
R = gas constant (8.314 kJ mol
-1
 K
-1
) 
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Figure 4.3 depicts the plot of   (
 
    
 ) vs. 
    
    
 for the respective peaks (I, II, III) based on 
different heating rates as described earlier. The slope represents (
  
 
)  and, thus, the activation 
energy can be calculated.  
 
Figure 4.3: Activation energy determination via Kissinger Plot 
 
Based on Figure 4.3, different activation energy values were obtained for the reduction 
reactions of different metals via Hi-FUEL. Supported nickel oxide (NiO), known as fixed 
nickel, could be easily reduced since it has the lowest activation energy (Ea=90.7 kJ/mol). 
This is followed by nickel aluminate (NiAl2O4), which requires an activation energy of 106.1 
kJ/mol, and finally, calcium on alumina, for which the activation energy is 150.1 kJ/mol. This 
finding suggests that supported CaO is difficult to be reduced, and, therefore, requires a high 
reduction temperature prior to the catalytic test if the reduction needs to be carried out within 
a short period of time. 
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4.3.3 Field Emission Scanning Electron Microscopy (FESEM) and Transmission 
Electron Microscopy (TEM) 
 
(a) 
 
(b) 
Figure 4.4: FESEM images of fresh Hi-FUEL:  
(a) Magnification of 10.00 K X, (b) Magnification of 50.00 K X 
 
 
 
(a) 
 
(b) 
Figure 4.5: FESEM images of reduced Hi-FUEL at 750 
o
C for 1 hour under 
75ml/min H2 flow: (a) Magnification of 10.00 K X, (b) Magnification of 50.00 K X 
 
The images, as shown in Figures 4.4 (a) and (b), illustrate the FESEM images of fresh  
Hi-FUEL. Both figures 4.5 (a) and (b) display a reduced Hi-FUEL under pure hydrogen flow 
at 75 ml/min at 750 
o
C for one hour, with the heating rate at 10 
o
C/min. Both images were 
scanned under the SE2 signal instead of using In-Line since both images had charging effects 
on the imaging process. These images reflect a significant difference on the catalyst surface 
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prior to and after the reduction process, which suggests sintering, i.e. the formation of 
aggregates may occur.  
 
(a) 
 
(b) 
 
(c) 
Figure 4.6: TEM images of fresh Hi-FUEL catalyst: (a) 1: 100 nm, (b) 1: 50nm, (c) 1: 10 nm 
 
Figures 4.6 (a) – (c) demonstrate the TEM images of fresh Hi-FUEL catalyst at different 
scaling ratios. The nickel and calcium metals were well dispersed. Figure 4.6 (c) illustrates 
nickel particles on alumina support. Alumina is seen as one big chunk, as circled on the 
image, which agrees with the findings from the BET surface area, as mentioned earlier, 
suggesting a low surface area of α-alumina or CaAl2O4. 
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This particular finding is different to the prepared catalysts, as presented in  
Figure 4.7 (a) – (c) below. On the 15Ni3Ca surface, the alumina particle is seen as smaller 
particles, overlapped with each other, and the other metals are hardly noticeable. Some 
differences in the crystalline structures are apparent, as circled in Figure 4.7 (c).  Similar 
findings are observed in Figures 4.8 (a) and (b), which exhibit the TEM images of 3Ca and 
9Ca impregnated on γ-alumina where a mixture of crystalline structures is presented.  
 
(a) 
 
(b) 
 
(c) 
Figure 4.7:  TEM Images on 15Ni3Ca:  
(a) 1:100nm (b) 1:50nm (c)1:10nm 
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(a) 
 
(b) 
Figure 4.8: TEM Images of prepared calcium/alumina catalysts with scale 1:10nm:  
(a) 3Ca, (b) 9Ca 
 
All of these images were compared with the spent catalysts of a similar type to observe the 
carbon formation on the catalyst surface and the type of carbon formed. This is discussed in 
detail in Chapter 8.  
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4.4 Experimental Setup and Calculations 
All the catalytic tests were carried out in a micro reactor as illustrated in Figures 4.9 (a) and 
(b) and the process flow diagram (PFD) in Figure 4.10. The rig consists of the following 
assets:  
i. 1 Syringe pump (Razel R99-LF, 0.25 to 143 cm3/hour range) 
ii. 4 Mass Flow Controller (Brooks 5850 TR Series): 
a. N2 /vaporiser  (MFC 4) – 0 – 200 ml/min N2 range 
b. N2 /purge  (MFC 3) – 0 – 1000 ml/min N2 range 
c. H2 (MFC 1) – 0 – 200 ml/min H2 range 
d. Air or CO (MFC 2) – 0 – 200 ml/min Air or CO range 
iii. 1 Tube Furnace (Lenton CSC 12/--/300V, Serial Number: 20-400890) with 
Eurotherm display (Type 3508)   
iv. 2 Mass Flow Controller Display Unit (Brooks 5876) 
a. 1 set for controlling H2 and Air/CO flow 
b. 1 set for controlling N2 (vaporiser) and N2 (purge) flow 
v. 1 Unit of Temperature Controller  
 
 
Figure 4.9: The images of the test rig 
Vent 
MFC Controller/ 
Read Out Unit 
Tube 
Furnace 
Syringe 
Pump 
Temperature 
Controller Unit 
Vaporiser 
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Figure 4.10: Experimental general setup process flow diagram (PFD) 
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4.4.1 General Process Description 
The reactant (a mixture of water and oxygenate) was prepared according to the required water 
to fuel ratio prior to the test. Following the PFD, as shown in Figure 4.10, the reactant was 
pumped into the vaporiser via a syringe pump (Razel R99-LF), and was connected to a non-
return valve (Swagelok) to avoid backpressure. A three-way valve (Swagelok) to fit the tube 
of 1.5 mm diameter (1/16″) was fitted prior to the vaporiser and the sampling point was used 
for calibration purposes. The vaporiser is illustrated in Figure 4.11. 
 
Figure 4.11: Vaporiser’s diagram 
 The reactant entering the vaporiser was heated at a temperature according to the type of 
oxygenate being tested: 200 
o
C for ethanol/water mixture, 300 
o
C for ethylene glycol/H2O 
mixture, and propylene glycol/H2O mixture, and 400 
o
C for glycerol/ H2O mixture. The 
vaporiser consisted of a stainless steel (SS316) tube of approximately 200 mm long with an 
internal diameter of 8.5 mm (3/8″). The vaporiser was inserted with silica carbide of 750 
microns in size to reduce the temperature gradient within it. The reactant was pumped from 
the bottom part of the vaporiser via a 1.5 mm (1/16″) diameter tube and it slowly moved to 
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the top of the vaporiser while being heated.  The nitrogen flow (BOC, Oxygen Free) acted as 
the carrier gas and was supplied to the top of the vaporiser via a stainless steel tube of 3.2 mm 
(1/8″) diameter and the flow was controlled by the mass flow controller, MFC 4. The 
nitrogen was supplied at a constant flow, which is 30% v/v of the total gas phase flow. The 
mixture of nitrogen and vaporised reactant is at the top of the vaporiser channel within the 
silica carbide bed and enters the heated tube line from the tee (Swagelok) fitted at the bottom 
of the vaporiser. The heated tube line’s diameter is 3.2 mm (1/8″) and the length is 
approximately 500 mm. A high temperature check valve (Swagelok) was fitted prior to the 
point where other gases, such as H2, CO or air (if they are utilised during the test), come in to 
avoid any backflow to the vaporiser. Usually, the nitrogen flow from MFC 3 is supplied at a 
high flow rate after the test is conducted to purge any remaining gases to the vent. 
The vaporiser and the heated tube lines were heated with four coiled heaters (the power 
supply is at 1449 W each) from 200 to 400 
o
C depending on the types of oxygenate used. The 
vaporiser and the heated tube line temperatures were controlled via a temperature controller 
unit as depicted in Figure 4.11(a) and the controllers are indicated in the PFD as TIC 102, 
TIC 002, TIC 003 and TIC 202 as shown in Figure 4.10. The rig was also connected to 
several Type-K thermocouples (TI-101, TI-001, TI-201 and TI-203), supplied by RS to 
monitor and re-check the temperature along the line. Whilst TI-001 and TI-201 
thermocouples were located outside the tube, TI101 and TI-203 were located inside the tube 
to verify the actual temperatures in the tube line. Although there was no temperature profile 
of the rig to be displayed here, it can be verified that the temperature reading was consistent 
throughout the reaction and along the heated tube line. Therefore, it can be stated here that 
the line was heated uniformly from the vaporiser to the inlet of the reactor tube. The heating 
of the reactor tube was controlled by a Lenton tube furnace, however, it is unfortunate that no 
thermocouple was located within the reactor tube to verify the actual operating temperature, 
which can be 20-30 
o
C below the desired reaction temperature due to some temperature 
gradient [5]. The pressure was constantly fixed at atmospheric pressure throughout the rig. 
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4.4.2 Catalyst Loading 
A catalyst that had been already prepared was pelletized using a press machine (ATLAS 
T25). The catalyst powder was filled into an evacuable pellet die of 20 mm diameter and 
pressed at 10 bars. Next, these pelletised catalysts were crushed using a mortar and pestle and 
covered with wet tissue to avoid inhalation. The catalyst was then sieved according to the 
required size. The sieved catalyst was weighed accordingly to the required amount between 0 
– 1000 mg. The weighed catalyst was diluted with silicon carbide (SiC) of specific size 
(usually 750 microns) in a measuring cylinder to make up the intended catalyst bed volume, 
i.e. either 5 or 10 cm
3
 bed volume.  
The reactor tube of 500mm length and 12mm outer diameter size (10 mm i.d.) was pre-
divided into three sections. The bottom and the top part of the reactor were filled with pure 
silica carbide (SiC). The catalyst with the diluent was placed in the middle section of the tube 
and sealed by quartz wool.  
4.4.3 Study of Mass and Heat Transfer Limitation 
In order to achieve an ideal plug flow behaviour, the rule of thumb with regards to the length 
of the catalyst bed (L), the inner diameter of the reactor tube (D), and the particle diameter 
(Dp) were strictly followed, i.e. D/Dp ≥ 10 and for gas-solid systems, the catalyst bed length 
should be at least 50 particles in diameter, L/Dp≥50 [5]. For the purpose of this doctoral 
research, 750 microns of SiC was used as the largest particle present in the reactor tube and 
based on this size, the calculated L/Dp was 66.7 and D/Dp=13.3, which satisfied both the 
requirements. Integral operation was adopted here since glycerol steam reforming, for 
example, is a complex multicomponent mixture of products, and, therefore, is difficult to 
measure if differential operations are used [5]. Some calculations were employed to ensure 
the requirements of acceptable kinetic test were fulfilled. 
Reynolds number was used to determine the type of flow. Hence, equation (4.2) was applied 
and this linked directly to the flow in the fixed bed reactor [6]: 
   
      
       
                   (4.2) 
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Where  
   = density of mixture (oxygenate/inert gas/steam at respective temperature), g/cm
3
 
   = superficial velocity, cm/s 
   = particle diameter, cm 
   = dynamic viscosity of mixture, cm/(g.s) 
  = catalyst void fraction, calculated using this formula,            [7] 
                                           
  
                                        
  
The catalyst particle density was assumed to follow a normal particle density, which was set 
at 2.65 g/cm
3 
[7],whereas the bulk density of Hi-FUEL, as given by the manufacturer’s 
specification (which was assumed to be approximately similar for all other catalysts prepared 
and NiAl(C)), was 0.95 g/cm
3
. The void fraction   was calculated to be 0.36. Table 4.3 below 
highlights the calculations for all the oxygenates at their respective vaporisation temperatures, 
the required flow, and their Reynolds number in the gas phase.  
Oxygenates 
Vaporisation 
Temperature (
o
C) 
Catalyst Particle 
Size (dp, μm) 
Reynolds 
Number/ Re 
Ethanol 200 
450 2.1 
300 1.4 
106 0.5 
Ethylene Glycol 300 
450 1.8 
300 1.2 
106 0.4 
Propylene Glycol 300 
450 1.7 
300 1.2 
106 0.4 
Glycerol 400 
450 1.3 
300 0.8 
106 0.3 
Table 4.3: Reynolds number of the homologues studied at different particle sizes 
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All of the physical properties related to the mixture (           were obtained via Aspen-
HYSYS. The Reynolds number shows that the flow was laminar in nature. By operating at a 
smaller particle size, there was a huge tendency of pressure drop, as reported by Perego & 
Peratello [5]. Therefore, the introduction of inert material of suitable size allowed good fluid 
distribution and produced a low pressure drop. Alongside the tests, 750 microns size of silica 
carbide was constantly used to limit the pressure drop and to increase the turbulence of the 
flow. As a result, the Reynolds number improved as follows: 
Oxygenates Reynolds Number / Re 
Ethanol 3.5 
Ethylene Glycol 3.0 
Propylene Glycol 2.9 
Glycerol 2.1 
Table 4.4: Reynolds number after dilution with 750 microns size of SiC 
The Schmidt number is a ratio of momentum diffusivity and mass diffusivity, and was 
calculated using the following equation [8]: 
   
 
 
 
  
   
                  (4.3) 
The gas diffusivities of each oxygenate mixture, Dm was predicted via Fuller, Schettler, and 
Giddings Correlation [7, 9]. As exhibited in the formula in equation 4.4, and taking into 
account the oxygenates vaporisation temperatures, i.e. ethanol at 200 
o
C, ethylene glycol and 
propylene glycol at 300 
o
C, and glycerol at 400 
o
C: 
  
   (
 
  
 
 
  
)
 
 [ ∑      ∑    ] 
                                        (4.4) 
Via nonlinear least-squares analysis, the empirical equation that gave the smallest standard 
deviation to predict the values of a,b,c,d, g, and f is as follows: 
  
         (
 
  
 
 
  
)
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 ]
                   (4.5) 
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Where   = total pressure, atm 
    = molecular weight 
   = diffusivity, cm2/s 
 ∑   = sum of the atomic diffusion volume for component i 
The Schmidt number (Sc) was calculated, and the results are presented in Table 4.5. 
Oxygenates Vaporisation 
Temperature 
/ 
o
C 
Diffusivity,  
Dm/ cm
2
 s
-1
 
Schmidt 
Number/ 
Sc 
Péclet 
Number, 
Pe 
Bodenstein 
Number, 
Bd 
Ethanol 200 0.112 2.80 9.8 0.39 
Ethylene Glycol 300 0.150 2.95 8.9 0.38 
Propylene Glycol 300 0.138 3.21 9.3 0.38 
Glycerol 400 0.178 2.76 5.8 0.35 
Table 4.5: The binary diffusion, Dm , Schmidt number (Sc), Peclet number (Pe) and 
Bodenstein (Bd) number of respective oxygenates in diluted catalyst bed 
The Péclet number is a ratio of the characteristic of the dispersion time to the characteristic of 
the convection time (residence time). It measures the degree of axial dispersion in a chemical 
reactor. When the Péclet (Pe) number approaches infinity, an ideal plug flow could be 
achieved and when the Péclet number approaches zero, a complete back mixing occurs [10]. 
The following formula can be applied to measure the Péclet number in the context of species 
or mass dispersion: 
                            (4.6) 
The Bodenstein (Bd) number is an inverse of the Péclet number. A perfect mixing occurs 
when Bd=0 [11]. However, Dudukovic and Felder [10] proposed a different correlation 
between the Péclet number and the Bodenstein number in flowing gases through fixed beds. 
The correlation is shown in equation 4.7: 
   
   
     
 
   
  
   
     
                  (4.7) 
From this equation, the Bodenstein number for all vaporised oxygenates and steam flowing 
through the fixed bed were estimated, as shown in Table 4.5. These values suggest that the 
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flow in the fixed bed, although they had a low Péclet number, approached the ideal plug flow 
with respect to its low Bodenstein number.  
The external diffusion was calculated using Mears’ Criterion equation [12] to investigate if 
the mass transfer from the bulk gas flow was negligible to the catalyst surface. The equation 
is shown as follows: 
        
     
              (4.8) 
Where      =rate of reaction (kmol/kgcat.s) 
     =bulk density of catalyst bed, kg/m
3 
     = catalyst particle radius, m 
      = bulk reactant concentration, mol/m
3
 
     = mass transfer coefficient, m/s 
Taking glycerol steam reforming as an example,   was obtained via the following Colburn J 
factor,    
  
         
 (4.8) of which      
     
      
 
     
       
 (4.9), as predicted by Dwidevi and 
Upadhyay [12]. It was calculated that the mass transfer coefficient, kc for glycerol steam 
reforming at the provided flow was 0.14 m/s.   
The Mears’ Criterion on external diffusion indicated that the value calculated was of the 
order of 10
-5
 for all catalyst loadings and all oxygenates fed in, which implies that there was 
an absence of external diffusion limitation.  
The Weisz-Prater criterion [12] was used to determine if internal diffusion limited the 
reaction. Weisz-Prater (WP) criterion is shown as follows: 
       
  
             
 
     
                 (4.10) 
Where     = effectiveness factor 
     = Thiele modulus 
           = rate of reaction (mol/gcat.s) 
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     = density of the particle, g/cm
3
 
     = catalyst particle radius, cm 
    = reactant concentration at the catalyst surface, mol/cm
3 
     = effective diffusivity = 0.1 x Dm  
The acceptable criteria is that if CWP is << 1, there are no diffusion limitations and the other 
way around if CWP>>1. However,    was unknown, and, therefore, the only possibility was 
by predicting the Thiele modulus based on two reaction rates observed from the two particle 
sizes of 750 and 1100 microns, respectively, assuming that the    was the same for both runs, 
while other parameters were the same since they were tested under the same conditions.  
Run Measured hydrogen rate (obs) /(mol/gcat.s) Particle radius (μm) 
Run 1 4.82 x 10
-5
 375 
Run 2 2.46 x 10
-5
 550 
Table 4.6: Experimental data for Thiele Modulus calculations 
The combination of two different runs led to the following equation: 
             
 
             
  
            
            
       (4.11) 
Thiele modulus   can be simplified as follows: 
     √
           
     
         (4.12) 
Combining both runs in equation 4.12, the following equation 4.13 is obtained: 
   
   
 
   
   
                  (4.13) 
Fitting in the radius for both, 
    
        
       
                          (4.14) 
The equation, which is presented in 4.11, was solved using the goal-seek function of 
Microsoft Excel. The Thiele modulus for both runs were calculated as         , and 
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          respectively. The effectiveness factors for both runs were therefore obtained as 
          and            respectively, which essentially eliminated the diffusion 
control. Therefore, this experiment is considered free from mass transfer limitations.  
The heat transfer limitation calculation was not carried out here due to the lack of some data. 
However, it was observed that the temperature, which was an isothermal reaction in nature, 
along with the heating line was unchanged throughout the reaction.  Hence, it is assumed that 
this reaction is free from heat transfer limitation. 
By abiding to the rules of thumb provided earlier, the kinetic data that were collected from 
the rig were therefore assumed as reliable, as long as the right standard operating procedures 
were followed. 
4.4.4 Pressure Drop Calculations 
Another important parameter that needed to be observed was the pressure drop in the packed 
bed. The Ergun equation [6, 8] was used to estimate the pressure drop in the reactor based on 
the flow rate and physical properties of the reactants, the length of the reactor tube, and the 
particle diameter of the packing materials or catalyst bed in the case of the packed bed 
reactor.  
  
 
 
            
    
  
              
 
    
              (4.15) 
Where the following terms applied: 
Δp  = pressure drop, g/cm.s2 
L = the length of the bed, cm 
  = the fluid dynamic viscosity, g/ s.cm 
   = the superficial velocity, cm/s 
  = void space of the bed 
   = particle diameter, cm 
   = entering mixture of fluid density, g/cm
3
 
155 
 
The calculations in this doctoral research were carried out for the most viscous and most 
dense oxygenates, i.e. glycerol. Steams were also presented at the required steam to fuel ratio. 
The void space of the bed followed the earlier calculation to predict the Reynolds Number, 
which gave   = 0.36. Various particle diameters were tested and the results from the Ergun 
Equation calculations are shown in Table 4.7.  
Length of the 
bed, L/cm 
Particle diameter,  
dp/ cm 
Δp / g/cm.s2 Δp/ kPa 
5 
0.075 1472 0.15 
0.050 3297 0.33 
0.011 72798 7.28 
10 
0.075 2944 0.29 
0.050 6593 0.66 
0.011 145596 14.56 
Table 4.7: The pressure drop calculations based on Ergun Equation 
From Table 4.7, Figure 4.12 is presented to demonstrate the relationship between the particle 
size, dp and the pressure drop according to the Ergun Equation in this reactor system. The 
trends can be represented following the power law suggesting that as the particle size 
increased and the bed length reduced, the pressure drop in the bed volume significantly 
reduced. Therefore, by using silica carbide at 750 microns, the pressure drop may be reduced 
far below 1 kPa.  
 
Figure 4.12: Relationship of particle size and pressure drop in this study 
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4.4.5 Catalyst Reduction 
The catalyst was required to undergo reduction once the reactor tube was installed in the rig. 
This was carried out in-situ. Pure hydrogen (BOC, 99.99% purity), was supplied from the gas 
cylinder at no more than 5 bars (set via pressure regulator at the cylinder) to the rig. The flow 
was usually set at 75 ml/min. The vaporiser and other heating lines, as shown in Figure 4.10, 
were always set at room temperature during the reduction process. The furnace was switched 
on with the following programme: 
i. The heating rate was set at 10 oC or 15 oC/min. 
ii. The temperature was ramped up until 750 oC for typical Ni/Al catalyst. 
iii. The time set for reduction at 750 oC was 1 hour. 
iv. The temperature was ramped down at 20 – 30 oC/min after reduction to room 
temperature (if the catalyst test to be conducted later) or to the intended reaction 
temperature (if the catalyst test to be conducted immediately after reduction). 
Once the programme was set and run, hydrogen was supplied immediately. The flow of 
hydrogen remained until the catalyst test was conducted.  
Once the catalyst was reduced and ready for the test, the heating line was ramped up from 
200 to 400 
o
C, depending on the reactant used. As for ethanol, the heating line was set at 200 
o
C, for 1,2 propane diol (propylene glycol) and ethylene glycol it was 300 
o
C, and for 
glycerol it was 400 
o
C. This was mainly to ensure that all the liquid phase reactants were fully 
vaporised and for less fouling to occur throughout the heating line prior to reaching the 
catalyst bed.  
 
4.4.6 Catalyst Test 
In the hydrogen flow (after the catalyst reduction), the furnace was set at an idle setting and a 
new programme was set up, as follows: 
i. Furnace heating  was set at 10 oC/min 
ii. The temperature was ramped up from 400 to 800 oC, depending on the intended 
reaction temperature. 
iii. The time set for the reaction at a constant temperature was from 4 to 10 hours, 
depending on the variable tested. 
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iv. The temperature was ramped down from 20 to 30 oC/min to room temperature after 
the catalyst test. 
Once the furnace heater achieved the required reaction temperature and was still on hydrogen 
flow, the syringe pump was switched on. The reactant, which was a mixture of DI water and 
oxygenate at the required steam to fuel molar ratio, was supplied to the vaporiser. At that 
point, hydrogen at 75 ml/min was still in the flow to avoid initial carbon deposition on the 
catalytic surface. 
After 10 minutes on hydrogen flow, nitrogen was supplied from the cylindrical tank at no 
more than 5 bars according to the required volumetric percentage of inert required in the flow 
throughout the vaporiser line. Usually, nitrogen was supplied at 30% v/v, with respect to the 
total vapour flow in the system. Nitrogen acts as a carrier gas to bring the vaporised mixtures 
to the reactor tube. After another 5 minutes, the hydrogen flow was switched off, and only 
nitrogen was supplied throughout the reaction until the rig was completely shut off.  The gas 
hourly space velocity (GHSV), with respect to the catalyst bed volume, was always in the 
range from 800 to 3000 cm
3
gas flow/ cm
3
catalyst bed.. This was calculated at atmospheric pressure 
and a temperature range from 200 to 400 
o
C depending on the temperature of the vaporiser. 
The GHSV was calculated as follows (excluding nitrogen flow): 
     
                                                 
      
                             
              (4.16) 
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4.4.7 Product Sampling 
Throughout the reaction, three phases of products were generated, as presented in Table 4.8. 
Gaseous Liquid * Solid 
a. Hydrogen (Main 
product) 
b. CO (Main by-
product) 
c. CO2 (Main product) 
d. Methane (Main by-
product) 
e. Ethylene 
f. Ethane 
g. Propylene 
h. Propane 
i. Nitrogen (inert) 
 
a. Unconverted 
oxygenates 
b. Water 
c. Condensation 
products & free 
radicals 
d. Acetol  
e. Allyl alcohol  
f. Methanol  
g. Ethanol 
h. Acetic Acid 
i. Propionic Acid 
j. Acetone 
k. Acrolein 
l. Ethylene glycol 
m. Propylene glycol 
n. Acetaldehyde 
o. Propionaldehyde 
p. Butyric acid/ 
acetaldol 
 
*Most of the time, all of 
these were usually traces, 
except water 
a. Carbon deposition on 
catalyst surface 
b. Free carbon 
(deposited on the 
wall, quartz wool and 
silica carbide) 
 
Table 4.8: Products Expected from Oxygenated Hydrocarbons Steam Reforming 
An empty, vacuumed gas bag was used for every one hour for the gas sampling. A 1L bubble 
meter was used to measure the gas flow rate.   A separate timer was used to measure the 
liquid phase products flow rate, and the centrifuge bottle was emptied every two to three 
times, to weigh the mass of the liquid products collected. The liquid was collected in a plastic 
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centrifuge (50 ml standing centrifuge, Fisher), which was initially immersed in a beaker with 
ice to ensure all the liquid products were trapped within.  
4.4.8 Product Analysis 
The gas and aqueous phase products analysis were carried out offline using separate gas 
chromatography. The operation procedure of the GC followed the manufacturer’s manual and 
guide. The gas products analysis was carried out using GC2014 (Shimadzu), which used a 
carbon molecular sieve packed column and TCD detector with nitrogen as the carrier gas. 
This was used to detect hydrogen, CO, CO2, and methane. A capillary column with FID 
detector in helium flow was also used in the same GC in order to detect hydrocarbons, such 
as methane, ethane, ethylene, propane, propylene, and other long chain hydrocarbon gases.  
Analysis of the aqueous phase products was carried out using a different Shimadzu GC 
(GC2014). This GC used a capillary column (FFAP) and a FID detector, and the helium acted 
as the carrier gas. Approximately 1 g of the liquid sample was initially diluted in 40 g of 
distilled water, together with less than 0.1 g of 1-Pentanol (Sigma-Aldrich). Approximately, 
5ml of each of the diluted samples was poured into a GC vial and then injected into the GC 
via an auto-injection mode. 
 
 4.4.9 Shutting Down Procedure 
When the final sampling procedure was completed, the syringe pump was switched off first, 
followed by the temperature controller of the vaporiser and other heating lines. The furnace 
could be automatically or manually set to reduce to 100 
o
C at a cooling rate from  
20 – 30 oC/min after a few hours’ operation, and, hence, the furnace could be safely switched 
off.  The nitrogen carrier supply was switched off and replaced with the nitrogen purge flow 
between 30 minutes to 2 hours to completely remove any gas and reactants leftover in the 
reactor. Once the tube had cooled down, the catalyst was removed from the reactor tube, 
sieved from the SiC and quartz wool, and kept in a tight container for further analysis. The 
reactor tube was regularly rinsed with acetone to remove any coke deposited on the tube wall 
and was blown with air to clean the inner side of the tube and to remove the coke deposited 
on the tube wall. 
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4.5 Conclusion 
In general, it could be verified that the catalysts (both commercial and prepared catalysts) had 
been prepared and characterised. The characterisations involved the identification of metal 
loading (XRF spectroscopy), the interaction between the metals, the support and its 
reducibility (TPR), the surface area (BET Analyser), and the morphological structure of the 
catalysts (TEM and FESEM).  
Some calculations were carried out to justify the rig was operated outside the heat and mass 
transfer limitations conditions and that it was also operated at a tolerable pressure drop.  This 
would therefore, allow for a sensible data collection for future experiments. Some criteria 
were followed as a rule of thumb, and all the tests showed that the rig, the chosen reactant 
flow rates, and the particle sizes were sufficient for kinetic data collections.  
The catalyst reduction procedures, reactor start-up, products sampling, and shut down 
procedures of the rig were also highlighted with some adjustments to ensure the whole 
operation was smooth, safe, and reliable.  
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CHAPTER 5: STEAM REFORMING OF OXYGENATED 
HYDROCARBON HOMOLOGUES OVER HI-FUEL CATALYSTS 
5.1 Introduction 
The thermodynamic equilibrium analysis of the homologues studied was demonstrated and 
discussed previously in Chapter 3. In this chapter, it is vital to conduct several experiments 
for the purpose of comparison. This is important to understand the performance of the 
catalyst tested if the catalyst is active enough to achieve equilibrium at a shorter space-time 
or if there is any significant inference that can be related to the activity of oxygenated 
hydrocarbons reforming. The catalyst chosen for these tests is a commercial nickel catalyst, 
known as Hi-FUEL R110 (Hi-FUEL). This catalyst is developed by Alfa Aesar for the 
purpose of natural gas reforming. All the characterisation properties of this catalyst are 
discussed in Chapter 4.  
5.2 Experimental Setup and Calculations 
The reduction of Hi-FUEL was carried out in-situ, as mentioned in Chapter 4. The heating 
was provided for the vaporiser according to the type of reactants: 200 
o
C for ethanol, 300 
o
C 
for ethylene glycol and propylene glycol, and 400 
o
C for glycerol to ensure complete 
vaporisation of the reactants. The duration for each trial was set for 4 hours, not including the 
start-up and shutdown durations. 
The following expressions were used to simplify the comparisons of the results between the 
experimental and the simulation studies. These calculations on the formulations used were 
consistent with the simulation studies, as highlighted in Chapter 3. 
                      
                        
           
                  (5.1) 
         
      
                
                  (5.2) 
                      
         
∑         
                    (5.3)   
  
   
⁄       
      
       
                  (5.4) 
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Where  is the stoichiometric coefficient of H2 from the general stoichiometric reforming 
reaction. 
5.3 Ethanol Steam Reforming over Hi-FUEL catalyst 
Ethanol steam reforming was carried out at the atmospheric pressure by varying the catalyst 
loading in the reactor bed from 0.1 g to 2 g at 600 
o
C, with other parameter constants, such as 
catalyst reduction conditions, nitrogen flow rate (50% v/v) and steam to ethanol molar ratio 
(fixed at 6.5 to 1). The total gas flow rate entering the reactor that consisted of nitrogen as the 
carrier gas, steam, and vaporised ethanol was 14.5 g/hour. The catalyst bed volume was 
10cm
3
; consisting of Hi-FUEL catalyst of size 150≤ x ≤ 450 μm, loaded with silica carbide of 
750 micron size to reduce the temperature gradient. The gas hourly space velocity (GHSV) 
was calculated at 200
o
C (vaporiser temperature), with the atmospheric pressure fixed at 800 
hr
-1 
throughout the reaction, based on the following equation: 
     
                                                
      
                              
             (5.5) 
The variation of catalyst loading at fixed reactants and inert volumetric flow rate would only 
affect the weight hourly space velocity (WHSV), which was calculated using the following 
equation: 
                                   
                                            
     
    
 
                            
                     (5.6) 
The corresponding WHSV and residence time, τ, for all catalyst loadings is shown in  
Table 5.1: 
Catalyst loading/ g 0.1 0.25 0.5 1 2 
WHSV (gflow/gcatalyst hour) 28.81 11.53 5.76 2.88 1.44 
1/WHSV (residence time, τ /hour) 0.03 0.09 0.17 0.35 0.69 
Table 5.1: Corresponding WHSV and residence time for each catalyst loading at a fixed 
reactant flow rate of 4.48 g/hour (GHSV=800 cm
3
flow/cm
3
bed hour) 
164 
 
 
Figure 5.1: Effect of space-time, τ/hour to gas products selectivity 
 
Figure 5.2: Comparison between experimental results and Gibbs equilibrium data on 
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Figure 5.1 depicts the effect of space-time (1/WHSV) to the outlet carbon gas selectivity and 
Figure 5.2 illustrates the effect of space-time to the hydrogen yield, together with the CO/CO2 
ratio; in comparison to the thermodynamic equilibrium respectively. The conversion of 
ethanol was 100% for all the catalyst loadings. It was observed that by varying the catalyst 
amount from 0.1 to 2 g, the selectivity of these gases and hydrogen yield indicated some 
significant changes. As space or residence time increased, there was an increase in hydrogen 
production. The hydrogen produced reached the equilibrium, as predicted by thermodynamic 
analysis, with a corresponding analysis error of ±10% atτ = 0.09 hour. This error was mainly 
from the offline GC analysis that was from time to time needed recalibration. Vizcaino et 
al.[1], as can be referred to Table 5.2, prepared Ni/Ca-Al catalysts and tested them on ethanol 
steam reforming at WHSV = 12.7 hr
-1
, with steam to fuel molar ratio of 3.7 to 1 at similar 
reaction temperature as this work. From their study, hydrogen selectivity reached 87.3% and 
in this doctoral research, Hi-FUEL performed similarly. The hydrogen selectivity, according 
to Elias et al. (2013) [2] is calculated by applying the next equation: 
    
                                   
                                   
               (5.7) 
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This work (a) 11.53 18.6 12.4 1.5 6.5/1 600 86.9 32.7 55.8 11.6 
This work (b) 2.88 18.6 12.4 1.5 6.5/1 500 62.9 63.2 8.7 28.1 
Vizcaino et al., 
(2012) 
12.7 6.9 13.1 0.5 3.7/1 600 87.6 53.8 30.7 14.7 
Elias et al., (2013) 14.8 4.26 4.68 0.9 3/1 500 29.8 54.5 14.5 31.0 
Table 5.2: Comparison of results obtained from this work and other research works on 
ethanol steam reforming over Ni-Ca/Alumina catalyst 
Methane production, according to Figure 5.1, was suppressed to its lowest selectivity as 
space-time increased, whilst the CO and CO2 produced approached equilibrium. A high 
selectivity of methane at low space-time indicated that methane might be produced by the 
thermal decomposition of ethanol or via methanation reaction. As the residence time 
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increased, the methane underwent steam reforming due to the increase in catalytic activity on 
the catalyst surface.  
The closest comparison that could be made with this work is that of Vizcaino et al. [1], in 
which they varied the ternary mixed oxides of nickel catalyst; one of the prepared catalysts is 
Ni-Ca/Al2O3 with the ratio of Ni/Ca = 0.5. The results are shown in Table 5.2. Vizcaino et al. 
also suggested that methane was kept to a minimum with the presence of  
Ni-Ca. However, the ratio of Ni/Ca may have an effect on CO and CO2 production at 600 
o
C. 
At a higher calcium loading ratio, as in the work of Vizcaino et al., it was more likely that 
CO2 was produced but with a high nickel loading ratio, as referred to in this work, more CO 
was produced; a water-gas shift. This is further proven in Figure 5.2, whereby as the contact 
time increased, a higher calcium loading per catalyst bed volume was introduced, and, hence, 
the CO/CO2 ratio was closer to the equilibrium.  
It was found that in the aqueous phase analysis, there were traces of ethanol, methanol, and 
acetaldehyde in 0.1g catalyst loading, while there were none in the 0.25 g catalyst loading 
and above. This indicated that the catalyst followed the pathway, as suggested by 
Wang et al. [2, 3], whereby ethanol was dehydrogenated and produced acetaldehyde. 
However, due to insufficient contact of reactant with the catalyst, acetaldehyde, instead of 
undergoing steam reforming, might undergo decomposition or hydrogenation that produced 
methane, methanol, and carbon monoxide, as follows:  
                                                          (5.7)    
               (5.8) 
           (5.9) 
The above reactions (equations 5.7 to 5.9) were postulated to justify the presence of high 
methane and CO selectivity at low contact time based on Figure 5.1, as supported by the 
CO/CO2 ratio in Figure 5.2. In addition, by referring to Figure 5.3, the equilibrium of 
methane was achieved at this reaction temperature.  
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A further comparison was made between ethanol steam reforming conducted at 500 and  
600 
o
C, with other parameters remaining the same. Figure 5.3 demonstrates the outlet gas 
selectivity at both temperatures, and Figure 5.4 depicts the H2 yield and CO/CO2 ratio; both 
were compared to the thermodynamic equilibrium.  
 
Figure 5.3: Carbon Gas Products Selectivity 
of Ethanol Steam Reforming via Hi-FUEL at 
500 and 600 
o
C 
 
Figure 5.4: CO/CO2 Ratio and H2 Yield of 
Ethanol Steam Reforming via Hi-FUEL at 
500 and 600 
o
C 
 
The tests were loaded with 1000mg Hi-FUELdiluted in silica carbide at WHSV of 2.88 hr
-1
. 
At both temperatures and similar WHSV, the Hi-FUEL reached the equilibrium based on the 
earlier prediction. At 500 
o
C, the water-gas shift reaction was active [4]; hence, CO was 
suppressed and converted to CO2 and H2. This can also be reflected from Figure 5.4 on the 
CO/CO2 ratio. The work reported by Elias et al. [5] with Ni/Ca = 0.91 at a similar 
temperature but shorter space-time, suggested that, at 500 
o
C, the ethanol conversion reached 
99% for impregnated 5Ca-5Ni/Al, and 29.8% for hydrogen selectivity. They also suggested 
that as calcium loading increased from 0 to 5wt%, the amount of ethylene, as a side product 
due to the acidity of alumina, was reduced from 0.59 mol of ethylene produced/mol of 
ethanol consumed to nil at 5wt% of calcium. Similarly, it was observed in the Hi-FUEL 
catalyst, as there was no ethylene produced at all data points. It is therefore assumed that 
nickel is an active metal that enables the decomposed reactants to convert into hydrogen; 
hence, the higher nickel loading would lead to higher hydrogen selectivity, while calcium 
prevented dehydration on the alumina acidic site.  
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5.4 Ethylene Glycol and Propylene Glycol Steam Reforming over Hi-FUEL catalyst 
Apart from ethanol, ethylene glycol and propylene glycol were tested at similar temperatures, 
with WHSV of 5 and 4.9 hr
-1
, respectively. To prepare a 10cm
3 
catalyst bed, 1000 mg of Hi-
FUEL was diluted in Silica Carbide and loaded into the reactor tube. This is equivalent to 
GHSV of 975 hr
-1
 and 942 hr
-1
, respectively, calculated at 300 
o
C and atmospheric pressure.  
Figure 5.5 illustrates the outlet gas selectivity from ethylene glycol steam reforming over  
Hi-FUEL at 500 and 600 
o
C, followed by Figure 5.6 on the H2 yield and CO/CO2 ratio from 
ethylene glycol steam reforming activity. All the experimental results were compared against 
the thermodynamic equilibrium.  
Figure 5.5: Carbon Gas Products Selectivity 
of Ethylene Glycol Steam Reforming over 
Hi-FUEL at 500 and 600 
o
C 
 
Figure 5.6: CO/CO2 Ratio and H2 Yield of 
Ethylene Glycol Steam Reforming over 
Hi-FUEL at 500 and 600 
o
C 
Ethylene glycol was converted 100% to other components at both temperatures. It was 
obvious that in ethylene glycol steam reforming, as shown in Figure 5.5, the reaction reached 
equilibrium at 600 
o
C,
 
but the hydrogen yield was lower compared to the expected 
equilibrium value at 500 
o
C. In ethylene glycol steam reforming, the trace components 
present in the liquid phase were acetaldehyde, ethanol, and acetic acid. Acetaldehyde was a 
major trace component in the liquid product and might be produced from the homogenous 
dehydration reaction, as suggested by Dauenhauer et al. and Kechagiopolous et al. [6, 7]. The 
presence of ethanol may result from the hydrogenation of ethylene glycol. Acetic acid was 
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detected, but the peak observed in GC was very small, since acetic acid was converted into 
other components. The possible reaction schemes are shown as follows: 
              (5.10) 
(EG)    (Acetaldehyde)  
            (5.11) 
(EG)      (Ethanol)  
             (5.12) 
(Acetaldehyde)  
              (5.13) 
(EG)    (Acetic Acid)  
With regard to the production of methane, apart from acetaldehyde decomposition, methane 
might also be produced by the methanation reaction, which is exothermic in nature 
(ΔH298K = -206 kJ/mol).  The methanation reaction is shown as in equation (5.14), as follows: 
                               (5.14) 
However, it was postulated that as the catalyst loading increased and steam reforming was an 
endothermic reaction, it might become reversible as this catalytic activity favoured 
endothermic reactions that largely governed the steam reforming reactions. This is applied to 
all oxygenates that undergo steam reforming. Alternatively, methane may also undergo steam 
reforming. 
                              (5.15) 
It was observed that, similar to ethanol, ethylene glycol is a short oxygenated hydrocarbon 
molecule compared to propylene glycol and glycerol. Thus, both components (ethanol and 
ethylene glycol) were less likely to cause other potential major reactions other than steam 
reforming, dehydrogenation, thermal / homogeneous decomposition and dehydration, hence 
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the intermediate elements were predictable. Christiansen and Vlachos [8] investigated the Pt-
catalysed ethylene glycol steam reforming and modelled the micro kinetic of the process. 
They found that via platinum catalyst, ethylene glycol steam reforming was kinetically 
equivalent to catalytic pyrolysis of ethylene glycol without the presence of steam, with small 
contributions from the water-gas shift reaction. Nevertheless, the early dehydrogenation 
reaction steps controlled the reaction rate. Similar findings were reported by Kechagiopolous 
et al. [6, 9] on ethylene glycol reforming over nickel/olivine catalyst.  They demonstrated that 
the major intermediate of the reforming reaction was acetaldehyde, whereby acetaldehyde 
underwent thermal decomposition to produce methane and CO. Methane was predicted to 
undergo steam reforming, while CO would undergo the water-gas shift reaction. 
To date, there has been no research on propylene glycol steam reforming, and, thus, a 
preliminary screening was carried out to study the feasibility of this process. Figures 5.7 and 
5.8 depict similar results, as highlighted in Figures 5.5 and 5.6, but for propylene glycol 
steam reforming activity over Hi-FUEL. The experimental results were compared with the 
simulation results.  
 
Figure 5.7: Carbon gas products selectivity of 
propylene glycol steam reforming over Hi-
FUEL at 500 and 600 
o
C 
 
Figure 5.8: CO/CO2 ratio and h2 yield of 
propylene glycol steam reforming over  
Hi-FUEL at 500 and 600 
o
C 
 
It was observed that Hi-FUEL catalyst, as tested in propylene glycol steam reforming, was 
not as active as in ethanol steam reforming in producing hydrogen. The tests at both 
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Gibbs thermodynamic equilibrium predictions. It could be agreed that propylene glycol steam 
reforming is to be operated at 600 
o
C, as, at this temperature, the Hi-FUEL promoted higher 
hydrogen selectivity, as well as lower methane selectivity; evidenced by both simulation and 
experimental work, as shown in Figure 5.7. The reforming activity might be inhibited by the 
presence of other major side reactions, such as hydrogenation and methanation, hence 
reducing the hydrogen yield.  
From the liquid phase analysis, traces of methanol, ethanol, 1-propanol, 2-propanol, and 
acetaldehyde were observed. 1-propanol and 2-propanol were assumed to be formed via 
hydrogenation of propylene glycol, whereby that was a possible reaction, as reported by 
many works on glycerol valorisation [10-14], and this is further discussed in Chapter 6. The 
hydrogenation reaction schemes that were proposed are as follows:  
                      (5.15) 
(PG)     (2-Propanol) 
                      (5.16) 
(PG)      (1-Propanol) 
The production of ethanol, methanol, and acetaldehyde may result from the decomposition of 
propylene glycol, as follows: 
                             (5.17) 
(PG)    (Ethanol) 
                              (5.18) 
(PG)   (Methanol) (Acetaldehyde) 
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All of these intermediates were traced as the operating temperature was high and the contact 
time was long enough to convert all the intermediates into the end products. In order to study 
the reaction pathway, further experiments should be carried out at a lower space-time to 
identify and quantify the intermediates of the reaction.  
 
5.5 Glycerol Steam Reforming over Hi-FUEL catalyst 
Glycerol steam reforming was experimented at 500 and 600 
o
C, with a fixed steam to 
glycerol ratio of 8.1 to 1. Only a few studies and comparisons are highlighted in this section, 
whereas the remaining is discussed in Chapters 6 and 7. The experimental results, as 
compared to the results obtained from the Aspen-HYSYS, are shown in Figures 5.9 and 5.10, 
respectively.  
 
Figure 5.9: Carbon gas products selectivity of 
glycerol steam reforming over Hi-FUEL at 
500 and 600 
o
C 
 
Figure 5.10: CO/CO2 ratio and h2 yield of 
glycerol steam reforming over Hi-FUEL at 
500 and 600 
o
C 
 
Figure 5.9 depicts the outlet carbon gas selectivity. Considering the margin of selectivity 
error of ±10%, hydrogen produced from glycerol steam reforming over Hi-FUEL catalyst at 
500 
o
C was lower as what could be possibly obtained. Hydrogen selectivity at 600 
o
C 
improved only due to the thermodynamic nature, but it was far from the equilibrium value. 
However, water-gas shift reaction was efficient at 500 
o
C by referring to its CO/CO2 ratio. 
Without including the carbon formation in the total mass balance, the total carbon balance for 
both tests was within 70 – 80%, which suggested that there were possibilities of other 
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reactions to take place that would lead to coke formation on the catalyst surface. This is 
discussed in detail in Chapter 8.  
Two bed volumes were compared at fixed reactant flow rates, i.e. 10cm
3
 and 5cm
3
, with 
GHSV of 1110 hr
-1
 and 2220 hr
-1
, respectively. The volumetric ratio of silica carbide to the 
catalyst was fixed at 9:1, and, therefore, the WHSV for 10cm
3
 bed was 5.24 (g reactant flow/ g 
catalyst hour), and 10.48 (g reactant flow/ g catalyst hour) for 5cm
3
 bed volume, respectively. Figures 
5.11 and 5.12 demonstrate the outlet gas selectivity and hydrogen yield for both catalyst bed 
volumes at 500 and 600 
o
C, respectively. 
 
Figure 5.11: Hydrogen yield and carbon gas 
products selectivity for two different bed 
volumes/ghsv of glycerol steam reforming 
over Hi-FUEL at 500 
o
C 
 
Figure 5.12: Hydrogen yield and carbon gas 
products selectivity for two different bed 
volumes/ghsv of glycerol steam reforming 
over Hi-FUEL at 600 
o
C 
 
Figures 5.11 and 5.12 demonstrate that there was a significant difference on product 
selectivity for 5 and 10 cm
3
 bed volumes. Although the bed volume and the catalyst loading 
was halved ,which also reduced the contact time between the reactant and the catalyst’s bed,  
the effect of dilution was also important apart from avoiding the heat and mass transfer 
limitation. The more diluted the catalyst bed, the greater the tendency for non-catalytic 
activities to happen in the bed itself, hence lowering the selectivity of the required products. 
This was also possible due to the higher pressure drop in the longer catalyst bed. By doubling 
the bed volume, i.e. by doubling the pressure drop at the fixed heat inlet flow, in that respect 
there was a temperature gradient, and hence, the intended reaction temperature could not be 
achieved. In this experimental work, the heat supply was always fixed to achieve the required 
temperature and therefore, by having a larger pressure drop, the reactor tube temperature may 
not achieve the required temperature. A limitation in this experiment is that although it was 
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suspected that there was a temperature gradient, the actual reactor’s temperature could not be 
observed due to the absence of an internal thermocouple to measure the temperature of the 
reactor bed. However, the heat requirement to maintain the desired reaction temperature was 
controlled by the tube furnace (Lenton with Eurotherm display). If there was a temperature 
gradient due to the pressure drop, the controller would automatically supply more heat to 
sustain the temperature. It was assumed that the furnace supplied extra heat to maintain the 
desired reaction temperature for the 10cm
3
 bed compared to the 5cm
3
 bed. However, the 
pressure dropped, and, hence, the temperature gradient was not an issue in this study. This 
was proven earlier by the calculation from the Ergun equation in Chapter 4, whereby the 
pressure drop was less than 1kPa for both bed volumes and the presence of silicon carbide 
(SiC) as diluent reduced the temperature gradient and pressure drop, as supported by Perego 
and Peratello [15]. 
In this scenario, the selectivity of all the products was therefore lower than predicted. By 
comparing both bed volumes to the simulation studies, it is suggested that an efficient 
catalytic study could be achieved with a small catalyst bed volume. In return, this would give 
two main benefits: i) reduced amount of catalyst tested to achieve similar or better results, 
and ii) reduced non-catalytic activity within the bed itself. Therefore, from the next chapter 
onwards, the catalyst bed volume was fixed at 5cm
3
. 
 
5.6 The Water-gas shift Reaction Test over Hi-FUEL catalyst 
By calculating the CO/CO2 ratio from the previous oxygenated hydrocarbon steam reforming 
activities, it would give a rough estimation on the efficiency of the water-gas shift reaction 
with a specific temperature over the Hi-FUEL catalyst. From the previous sections, the values 
of CO/CO2 ratio from the steam reforming activities of all oxygenates were at a minimum at 
500 
o
C. This was assumed due to the water-gas shift reaction activity. In this section, some 
tests were carried out to verify the postulation of whether the Hi-FUEL was able to promote 
the water-gas shift reaction. 
The reactor was supplied with 10% v/v CO in Argon flow together with steam, at a steam to 
CO ratio of 2 to 1. The total flow of CO and Argon was 16000 cm
3
/hour and nitrogen was 
also supplied as a carrier gas at the rate of 5050 cm
3
/hour. Steam was vaporised at 200 
o
C 
prior to entering the reactor. Initially, the water-gas shift reaction was conducted as a blank 
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test, i.e. without any catalyst present, but only with the presence of SiC, making up the 5cm
3 
bed volume. The water-gas shift reaction was conducted at 400, 500, and 600 
o
C and the 
results are shown in Table 5.3: 
Temperature/ 
o
C CO Conversion (%) H2 Yield 
400 1.14 0.00 
500 19.52 0.01 
600 10.84 0.00 
Table 5.3: CO Conversion and H2 yield in blank test of water-gas shift reaction 
By referring to Table 5.3, without the presence of catalyst, the water-gas shift reaction was 
considered inactive, and, therefore, the CO conversion was very poor. In addition, the CO2 
yield at all temperatures tested was unable to be quantified as it was only in trace amounts.  
Hi-FUEL was later introduced at the two temperatures tested, i.e. 500 and 600 
o
C, in which 
35 mg of Hi-FUEL was loaded into the reactor tube for each test, making up the total GHSV 
of     
   
    ⁄              
             
 and WHSV of     
 
    ⁄              
         
, equivalent to 22 seconds of 
residence time. Table 5.4 depicts the results of the respective tests.  
Temperature/ 
o
C CO Conversion (%) H2 Yield CO2 Yield 
500 47.90 0.28 0.43 
600 19.04 0.05 0.10 
Table 5.4: CO conversion, H2 yield, and CO2 yield of the water-gas shift reaction in the 
presence of Hi-FUEL catalyst 
The carbon balance for both tests was more than 90%. It can be noted from Table 5.4 and 
compared with Table 5.3, that the presence of Hi-FUEL catalyst promoted higher CO 
conversion and improved H2 and CO2 yields even at low catalyst loading. This test agreed 
with the thermodynamic finding, in which, at 500 
o
C, the water-gas shift reaction was active, 
hence confirming the postulation made earlier concerning the steam reforming of all 
oxygenates. This also confirmed the ability of Hi-FUEL in promoting the water-gas shift 
reaction at respective temperatures. Nickel metal in the catalyst, as reported by Cheng et al. 
[16] in their work concerning steam reforming of glycerol via Ni/Al2O3, provides dissociative 
chemisorption of steam, hence allowing water-gas shift reaction to take place, which is likely 
similar to the Hi-FUEL catalyst.  
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5.7 Conclusion 
The homologues of ethanol to glycerol have provided some interesting feedstock to be 
studied on the undergoing reforming for hydrogen or syngas production. The motivation to 
use these fuels is due to the possibility of producing them sustainably. While ethanol can be 
produced via cellulosic compounds, glycerol can possibly be obtained from biodiesel 
production, whilst ethylene glycol and propylene glycol can be found in pyrolysis oil (bio-
oil). However, in this study, both components acted as ‘structural fill-up’ of ethanol to 
glycerol homologues of poly-ols. The ability to convert these reactants into usable fuels was 
therefore proven over a commercial nickel catalyst.  
Ethanol steam reforming over Hi-FUEL catalyst was studied by varying the catalyst loading 
at 600 
o
C. The catalyst was also examined at different temperatures and it was established 
that the catalyst that was usually utilized for natural gas reforming; was also capable of 
helping the ethanol steam reforming process achieve its highest possible hydrogen yield. The 
water-gas shift reaction was also active at the expected reaction temperature in the presence 
of Hi-FUEL. 
Similarly, with ethylene glycol steam reforming, Hi-FUEL assisted in reaching equilibrium at 
similar catalyst loading with other oxygenates and this was comparable to the one predicted 
by Aspen-HYSYS. Both ethanol and ethylene glycol had acetaldehyde as their intermediates, 
suggesting that acetaldehyde underwent steam reforming to produce H2 and CO2. At 500 
o
C, 
methanation was highly possible, but a reverse effect occurred at a higher temperature. A 
similar pathway was reported by other researchers.  
Propylene glycol steam reforming, otherwise, had a lower catalytic activity compared to what 
was predicted via the simulation study. Although the conversion was completed, the traces of 
the intermediates obtained suggested that there were other competing reactions that took 
place, such as hydrogenation and methanation that used up the produced hydrogen. 
Glycerol steam reforming also exhibited similar trends to propylene glycol steam reforming. 
Hydrogenolysis was expected to be another dominant reaction via this catalyst, hence, 
reducing hydrogen selectivity, and this is further proven in the next chapter. Evidently, it can 
be concluded that the bigger the value of x and z from the expression of hydrocarbon with 
CxHyOz on Hi-FUEL catalyst, the selectivity of hydrogen is further lowered in comparison to 
the equilibrium.  
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The effect of catalyst dilution was studied by comparing the products’ selectivity of glycerol 
steam reforming using two catalyst bed volumes at two reaction temperatures, i.e. 5 and  
10 cm
3
 at 500 and 600 
o
C. Silica carbide is important in diluting the catalyst to ensure no 
temperature gradient throughout the reactor tube. Nevertheless, a large catalyst bed volume 
will reduce the effectiveness of the catalytic activity as there is a possibility of other non-
catalytic side reactions to occur within the catalyst bed, as well as promote a larger pressure 
drop, hence, causing a temperature gradient in the reactor tube. The results signified that a 
smaller bed volume reduces the utilisation of silica carbide and the catalyst amount, yet still 
achieves better catalytic activity.  
In addition, the Hi-FUEL catalyst was confirmed to promote the water-gas shift reaction, and 
was active at 500 
o
C.  This proved the reasoning of the CO/CO2 ratio reduction at this 
respective temperature for each oxygenate that underwent steam reforming.  
In the next two chapters, a detailed study is focused on the steam reforming of glycerol as 
glycerol is found to be the most challenging oxygenate in comparison to the other oxygenates 
studied. The literature review in Chapter 2 proved that glycerol steam reforming involves 
complex multi-reactions to achieve the final desired products and this is an interesting 
research work to be explored.  
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CHAPTER 6: GLYCEROL STEAM REFORMING: 
THERMODYNAMIC STUDIES AND REACTION PATHWAY 
INVESTIGATION 
6.1 Introduction 
Over the past decade until now, glycerol steam reforming work has been extensively explored 
by many prominent researchers in this field. Many catalysts have been tested, including 
typical metals, such as Ni and Co, as well as noble metals, such as Rh, Ru, Pt, Pd and Ir, as 
discussed earlier in Chapter 2. Nickel is an interesting catalyst to be studied since it is used 
commercially in the petrochemical industry for reforming purposes. If glycerol steam 
reforming works well with the commercial Nickel catalyst, this will be a promising research 
in the near future, particularly if the research is concentrated towards pursuing a co-feed 
system of natural gas (methane) and the homologues of oxygenated hydrocarbon studies. As 
discussed in Chapter 5, all the oxygenated hydrocarbons studied, especially ethanol and 
ethylene glycol, were able to attain relatively high hydrogen selectivity compared to the 
thermodynamic limitations. Glycerol and propylene glycol steam reforming yielded lower 
hydrogen amounts. However, other major side reactions from this particular process still need 
to be discovered and discussed. Ethanol and ethylene glycol steam reforming reaction had 
acetaldehyde (CH3CHO) as its major intermediate, as described by many researchers in 
nickel catalyst studies [1-4]. However, there is no single report until now as it had been 
discussed in detail on the reaction pathway of glycerol steam reforming involving its 
intermediates due to the complexity of the reaction. To date, the many researches that have 
been conducted on glycerol steam reforming have only highlighted the selectivity of end 
products. The reaction pathway to the final products have either not been investigated or 
dismissed, such as the works of Adhikari et al., Sanchez et al. and Cheng et al. [5-7]. 
Therefore, the main purpose of this chapter is to discuss the reaction pathway of glycerol 
steam reforming on calcium doped nickel based catalyst, as well as elucidate upon the 
thermodynamic aspects. Once more, the Hi-FUEL catalyst is studied in detail to represent the 
Ni/Ca-Al2O3 catalyst, which is then compared to a commercial Ni/Al2O3 catalyst at the end of 
this chapter. 
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6.2 Experimental Setup and Calculations  
The reduction of Hi-FUEL was carried out in-situ, as mentioned in Chapter 4. The vaporiser 
temperature was set at 400 
o
C to ensure complete vaporisation of the reactants. Prior to this, 
some experiments were conducted at 300 
o
C; however, the heating tube lines were fouled and 
blocked with carbon deposits on the tube wall. Therefore, the temperature of the vaporiser 
was set at 400 
o
C, due to the limitation of a thermocouple to measure the exact temperature in 
the system. In Chapter 4, it was indicated that there was no specific thermocouple to measure 
the internal temperature of the vaporiser; hence, by providing a higher heating temperature, it 
was presumed that the heat supplied at 400 
o
C was sufficient to avoid any tube blockage due 
to the carbon deposition. The duration of each test was set for 4 hours (except for the time on 
screen experiment); this did not include the duration of the start-up or shut down. All the 
catalysts tested were crushed and sieved accordingly. The size of the catalyst particles, which 
were loaded into the reactor, was within the range of 150≤ x ≤450 μm and diluted in silica 
carbide of 750 micron size to make up the catalyst bed volume of 5cm
3
. 
The following expressions were used to simplify the comparisons of the results between the 
experimental and simulation studies. The calculations for the expressions used were 
consistent with the simulation study, as discussed in Chapter 3.  
                      
                        
           
                        (6.1) 
          
      
                
                     (6.2) 
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                      (6.3)   
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⁄       
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In certain sections, carbon species yield term, YCi was used to compare the carbon yield of 
gaseous products, which was calculated based on the following: 
                               
         
                           
                                               
               (6.6) 
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Where 
  = molarflow rate of the species related (mol/hour) 
  = species appeared in the components  
    = carbon species appeared in the components 
   = stoichiometric coefficient of H2 from the general stoichiometric reforming reaction. 
The number of carbon atoms attached to the glycerol was 3,     represented the aqueous 
phase and     represented the gas phase, respectively. The value of was 7 for glycerol.  
 
6.3 Glycerol Blank Test Study 
Prior to the main catalyst test, several blank tests of glycerol steam reforming were 
conducted. The aim of this study is to identify the intermediate products that might be formed 
in the homogeneous phase prior to the reaction on the catalyst surface. This reaction was 
tested at three temperatures, i.e. at 400, 500, and 600 
o
C. The steam to glycerol ratio was 
fixed at 8.1:1 (steam to glycerol volumetric ratio of 2:1), pumped with nitrogen as the inert 
gas at approximately 79.3 ml/min (30% v/v), and the tests were conducted at atmospheric 
pressure. Three conditions were tested, i.e. a completely blank tube (BT), a tube filled with 
silica carbide (SiC), and a tube filled with quartz wool (QW), to identify the type of 
homogeneous reaction taking place in the system and the effects of SiC and quartz wool on 
the reaction.  
For all three conditions (blank tube, silica carbide only, and quartz wool only), the conversion 
was more than 99% at 400, 500 and 600 
o
C.  This is contrary to most of the published reports 
on the blank test of glycerol earlier, although some reports had published very small glycerol 
conversion at 773 K [8], as well as in the presence of a catalyst at this temperature [6]. The 
difference found in this work from the reported work is possible with the reference to the 
initial setting of the flow of both fuel and steam. While this test incorporated a prepared 
mixture of glycerol and water prior to entering the vaporizer, introducing glycerol directly 
and separately from the steam line to the reactor bed might have changed the conversion. 
According to this finding, it was believed that these homogenous reactions had already taken 
place in the heating line rather than in the reactor tube due to the high vaporisation 
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temperature. A relatively high steam to glycerol ratio may also yield such a result. The heated 
mixture of glycerol and steam along the vaporisation line might either dehydrate, decompose, 
and react with each other to produce the intermediates prior to reaching the catalyst surface 
within seconds. Therefore, it is important in the future to compare this work with a new set of 
tests with glycerol injected at different inlet points to investigate the intermediates formed via 
homogeneous reactions.  
The detection of glycerol in GC was tricky due to the existence of several unknown peaks, 
which were high prior to the glycerol peak in the GC. Upon confirmation with high 
temperature GC-MS, it was proven that there was only a slight trace of glycerol (<1%) at 
these temperatures along with many aromatic and long chain products that were formed, such 
as phenol, dipropylene glycol, butyraldehyde diethyl acetal, isobutanal diethyl acetal, phiorol, 
and many more. These aromatic, long chain products and free radicals were combined 
together and denoted as condensation products with an assigned response factor of 3.0 to ease 
the quantification. This response factor was selected based on the trial and error of several 
response factors. Furthermore, this response factor provided a sensible overall carbon balance 
from the reaction, which was very close to the glycerol response factor of 2.9. The remaining 
response factors for other aqueous phase products are appended in the Appendix section 4.0. 
The finding here corresponds with the pyrolysis phenomenon, as described by Chiodo et al. 
[9]. Hence, upon reaching the catalytic surface, there might not be any glycerol left to react 
on the surface and only the intermediates undergo reforming reaction.  
 
(a) 
 
(b) 
0
2
4
6
8
10
12
14
16
18
400 450 500 550 600
Y
ie
ld
 (
%
) 
Temperature /oC 
Allyl Alcohol 
AA BT
AA QW
AA SiC
0
1
2
3
4
5
6
7
8
9
10
400 450 500 550 600
Y
ie
ld
 (
%
) 
Temperature /oC 
Acetol 
Ac BT
Ac QW
Ac SiC
184 
 
 
(c)  
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(e)  
 
(f) 
Figure 6.1: The products yield with respect to three conditions in the blank test experiment, 
i.e. Blank Tube (BT), Quartz Wool (QW), and Silica Carbide (SiC): (a)Allyl Alcohol, (b) 
Acetol, (c) Acetaldehyde, (d) Acrolein,  (e) Condensation Products, and (f) Propane 
Figures 6.1 (a) to (f) depict the major products obtained from the glycerol blank test study. 
There were two main identified intermediates which existed at all three temperatures in all 
the conditions studied, i.e. allyl alcohol and acetol (Figures 6.1(a) and (b)) apart from the 
condensation products (Figure 6.1 (e)). Acetol and allyl alcohol as the intermediates from the 
homogenous reaction were not found reported elsewhere with regards to glycerol steam 
reforming research work. These components were assumed to be dominant intermediates 
prior to reaching the catalyst surface. Acetol was formed from the decomposition of glycerol, 
as shown in equation 6.7; as suggested by Konaka et al. and Stošić et al. [10, 11]. In their 
further study, Stošićet al. suggested that acetol might be formed at the basic site of the 
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catalyst, while acrolein may be formed at the acidic site of the catalyst, and the balance of 
both the acids and basic sites of the catalyst influenced the selectivity of the product intended.  
               (6.7) 
The finding of allyl alcohol was reported by Qadariyah et al. [12], which relates to 
hydrothermal glycerol degradation at sub and supercritical water. Konaka et al., and Liu et al. 
[10, 13], in their findings, suggested that allyl alcohol may be formed via hydrogen transfer to 
acrolein, which is another dehydration product of glycerol apart from acetol. Equation 6.8 
highlights the reaction stoichiometry. 
                 (6.8) 
Konaka et al. and Liu et al. reported that the production of allyl alcohol is very selective from 
glycerol decomposition. The increase of allyl alcohol selectivity is only possible via 
hydrogenation of acrolein on the basic site of the catalyst, whilst the acid site promotes 
dehydration of glycerol to acrolein. The following reaction stoichiometry in equation 6.9 
depicts the dehydration of glycerol to acrolein.  
           (6.9) 
The hydrogen for the reaction with acrolein to produce allyl alcohol was proposed to be 
obtained from the glycerol dehydrogenation, as suggested by Adhikari et al. and Wawrzetz et 
al. [14, 15]. Wawrzetz et al. reported that glycerol dehydrogenated into glyceraldehyde 
(C3H6O3) in their study of aqueous phase reforming at a relatively low reaction temperature 
and higher pressure, as shown in equation 6.10.  However, glyceraldehyde could not be 
identified here due to the high vaporisation and reaction temperature. Glyceraldehyde can be 
further dehydrogenated into acetaldehyde and CO2. Acetaldehyde was detected in this blank 
test and the reaction stoichiometry is shown in equation 6.11. Adhikari et al. reported that 
acetaldehyde could be formed from glycerol, together with hydrogen, via reaction, as shown 
in equation 6.12, which summarises the sequence of equations 6.10 and 6.11, respectively. 
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Acetaldehyde detection, according to different conditions tested, was earlier depicted in 
Figure 6.1 (c). 
             (6.10) 
                                         (6.11) 
                                         (6.12) 
Thus, it can be highlighted here that the production of allyl alcohol in homogeneous phase 
from glycerol and steam at relatively high temperature and at atmospheric pressure was an 
interesting finding in this research work, as such a finding has not been reported in any 
similar study to date. 
A comparison was made via Aspen-HYSYS simulator using the Gibbs free energy 
minimisation method. Two scenarios were studied, whereby the steam and glycerol were fed 
in with or without the addition of hydrogen at 400 
o
C and atmospheric pressure. Without the 
presence of hydrogen, glycerol, and steam dehydration on the products, such as acetol/ 
hydroxyacetone and acrolein, took place. However, in the presence of hydrogen, even at a 
small percentage, allyl alcohol appeared together with other dehydration products. By 
introducing acrolein without hydrogen into the reactor, no allyl alcohol was observed at the 
outlet, but by introducing hydrogen, small amounts of allyl alcohol could be seen, as shown 
by Aspen-HYSYS. This is consistent with the findings made by Konaka et al. and Liu et al. 
The results are shown in section 7.0 of the appendix. 
The increase in temperature reduced the production of condensation products, as well as free 
radicals, as shown in Figure 6.1(e). The gas products were found to be present in small 
amounts and the hydrogen yield was not more than 1%. The largest gas component present 
was propane, which might have been formed from the hydrogenation of allyl alcohol; this is 
shown in Figure 6.1(f). The following equation, 6.14, may apply to this assumption:  
187 
 
              (6.13) 
The condensation products were suppressed to the minimum at higher temperatures and in 
the presence of quartz wool and SiC; this was assumed to be due to the quenching effects of 
the packing. The condensate that was collected in the ice trap was yellowish and brownish in 
colour. Large amounts of free carbon were produced along the tube line based on the 
observation as it deposited on the SiC and quartz wool, but decreased as the temperature 
increased. 
The intermediates, as in Figures 6.1(a) and 6.1 (f), demonstrated a different trend in 
comparison to Figures 6.1 (b), (c) and (d).  It was found that SiC favoured glycerol 
dehydration, but not the formation of allyl alcohol and propane, which was formed via 
hydrogenation reactions. The findings obtained were assumed to be sufficient to identify the 
next reaction pathway favoured via the catalytic reaction on glycerol steam reforming. 
 
6.4 Glycerol Steam Reforming over Hi-FUEL at 400 
o
C 
The Hi-FUEL catalyst was tested at a reaction temperature of 400 
o
C using different catalyst 
amounts, which implied different WHSV. Table 6.1 below depicts the catalyst loading and its 
relation with WHSV and resident time, τ.  
Catalyst loading/ g 0.05 0.10 0.15 0.25 0.5 
WHSV (gflow/gcatalyst hour) 153.0 76.5 51.0 30.6 15.30 
1/WHSV (space-time, τ /hour) 0.007 0.013 0.020 0.033 0.065 
Table 6.1: Corresponding WHSV and space-time for each catalyst loading at fixed gas flow 
rate of 7.65 g/hr (with N2), and GHSV=2220 cm
3
gas flow/cm
3
bed volume hr 
The glycerol conversion at this temperature is shown in Table 6.2, as follows: 
1/WHSV (space-time, τ /hour) 0.007 0.013 0.020 0.033 0.065 
Glycerol Conversion, X (%) 99.31 99.58 99.90 99.93 100.00 
Table 6.4: Glycerol conversion, X (%) from glycerol steam reforming at 600 
o
C over  
Hi-FUEL catalyst 
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The results were related to the aqueous phase yield (%), the main gas (H2, CO2, CO, and 
CH4) yield (%), the selectivity of carbon gases in the gas phase (%), and the carbon yield of 
gas species, as shown in Figures 6.2, 6.3, 6.4, and 6.5, respectively.   
 
Figure 6.2: The aqueous phase products’ yield  from glycerol steam reforming at 400 oC  
over Hi-FUEL
 
Figure 6.3: The main products (H2, CO2, CO, and CH4) yield from glycerol steam reforming 
at 400 
o
C over Hi-FUEL 
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Figure 6.4: The primary carbon gas selectivity (%) and CO/CO2 ratio of glycerol steam 
reforming at 400 
o
C over Hi-FUEL 
 
Figure 6.5: The carbon yield of gas phase carbon products from glycerol steam reforming at  
400 
o
C over Hi-FUEL 
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With reference to Figure 6.2, at a low space-time, the condensation products were largely 
formed due to insufficient contact with the catalyst. However, this was suppressed as the 
contact time increased due to higher catalytic activity. At a contact time of 0.013 hours, allyl 
alcohol was formed at maximum selectivity and decreased as the contact time increased. 
Similarly, acetol reached its maximum peak at 0.033 hours. However, both yields were 
considerably smaller in comparison to the blank test study at a similar reaction temperature. 
The findings also revealed that an increased amount of additional catalyst contributed to the 
formation of methanol. There were other traces of products that are not shown here, such as 
propionic acid, acetic acid, ethylene glycol, propylene glycol, propanol, 2-propanol, and 
ethanol. Direct hydrogenolysis from glycerol to methanol, as shown in equation 6.14, was 
possible due to the presence of trace amount of ethylene glycol; however, this was presumed 
to be largely governed by acetol hydrogenolysis. The formation of methanol could possibly 
be formed via acetol hydrogenolysis, as suggested by Bildea et al. [16], and this led to the 
increased amount of methane and carbon monoxide, as shown in equation 6.15. 
              (6.14) 
 
           (6.15) 
The hydrogen yield increased up to 35% as the space-time increased, as shown in Figure 6.3.  
This is higher in comparison to the thermodynamic equilibrium, but with the exception of the 
error. However, a higher amount of CO was formed in comparison to CO2, as highlighted in 
Figures 6.3 and 6.4. As the contact time increased, the ratio of CO/CO2 also increased, as 
indicated in Figure 6.4, which was opposite to the equilibrium prediction, whereby the 
CO/CO2 ratio was very minimal (CO/CO2 ratio = 0.02). This was significantly different to 
what had been expected from the thermodynamic equilibrium prediction. Apart from acetol 
hydrogenolysis, large yields of CO might also result from the decomposition of glycerol, 
which is shown in equation 6.16. This finding can be used to explain the significant increase 
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of hydrogen. Other possibilities may also include the coke gasification reaction, which is 
further discussed in Chapter 8.  
                                              (6.16) 
Figure 6.5 illustrates the carbon yield of all the carbon species gas products that exited the 
reactor. There were other gases formed resulting from side reactions, such as ethane (C2H6), 
ethylene (C2H4), propane (C3H8), and propylene (C3H6). The selectivity of these gases at 
different contact times is shown in Table 6.3. 
1/WHSV (space-time, τ /hour) 0.007 0.013 0.020 0.033 0.065 
Selectivity 
(%) 
CH4 1.0 6.2 5.0 5.6 10.3 
C2H4 0.5 3.1 5.2 3.2 2.7 
C2H6 0.1 0.6 0.6 0.5 0.4 
C3H6 0.1 0.9 1.5 1.5 0 
C3H8 0.0 0.0 0.0 0.0 1.2 
Table 6.3: The selectivity of hydrocarbons produced at 400 
o
C and atmospheric pressure 
Figure 6.5 suggests that the yield of all carbon species gases were very low at low space-time, 
which was directly related to the formation of a huge amount of condensation products, as 
shown in Figure 6.2. As the contact time extended, the CO production increased significantly. 
The production of ethane and ethylene were also slightly higher as the catalyst loading was 
increased. This may also be related to allyl alcohol and acetol productions, which reached the 
maximum peak and reduced, as in Figure 6.2. This clearly suggests that other than the 
hydrogenolysis reaction, the significant increase of CO production at a higher contact time 
was also possibly governed by the decomposition of acetol and allyl alcohol, as in the 
following: 
           (6.17) 
                                   (6.18) 
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            (6.19) 
Although the methane was expected to be highly thermodynamic at this temperature, the 
selectivity was low at low space-time due to favourable decomposition reaction (6.17 – 6.19), 
which delayed the methane formation. However, methane production had a tendency to 
increase as the space-time increased that resulted in methanation reaction of CO and 
hydrogen. From Figure 6.5, the slight increase of C3H6 yield in the space-time test could be 
associated with the hydrogen transfer to allyl alcohol, as in the following: 
             (6.20) 
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6.5 Effect of Adding External Hydrogen on Glycerol Steam Reforming at 400 
o
C 
An experiment using the Hi-FUEL catalyst was conducted at a catalyst loading of 250 mg 
(equivalent to space-time, τ of 0.048 hour), but with an additional external hydrogen supply 
at 75 ml/min throughout the reaction. The aim is to prove the occurrence of glycerol 
hydrogenolysis at this temperature in the atmospheric pressure. The results are depicted in 
Figures 6.6 and 6.7. 
 
Figure 6.6: The comparison of aqueous phase products selectivity (%) of glycerol steam 
reforming at 400 
o
C over Hi-FUEL with/without the presence of an external supply of 
hydrogen 
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Figure 6.7: The comparison of gas phase products selectivity (%) of glycerol steam reforming 
at 400 
o
C over Hi-FUEL with/without the presence of an external supply of hydrogen 
 
It can be confirmed that hydrogenolysis is the primary reaction in the presence of additional 
hydrogen even at atmospheric pressure and at a higher temperature than most of the glycerol 
hydrogenolysis studies [17-20]. The primary hydrogenolysis products, such as ethylene 
glycol and methanol, were produced as a result of the reaction between glycerol and 
hydrogen. There were also traces of 2-propanol, propanol, ethanol, and 1,2 propane diol, 
resulting from hydrogenolysis and hydrogenation reactions. The presence of allyl alcohol and 
acetol, however, were reduced with additional hydrogen. Acetol may undergo the reaction, as 
shown in equation 6.21, which resulted in the production of 1,2-propane diol (propylene 
glycol). The propylene glycol in excess of the hydrogen may undergo further hydrogenation 
to produce 2-propanol or 1-propanol [16], as shown in Figure 6.6. This was proven earlier on 
propylene glycol steam reforming over Hi-FUEL catalyst, as discussed in Chapter 5. The 
dehydration from glycerol to acetol may also be suppressed resulting from excess hydrogen 
supply, which favoured hydrogenolysis. 
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             (6.21) 
In addition, the reduction of allyl alcohol could result from the direct hydrogenation of allyl 
alcohol to propane, and propane to ethane, and ultimately cracked to ethylene (equations 6.22 
to 6.24). In addition, the propylene that was produced via allyl alcohol hydrogenation was 
converted to propane in the presence of additional hydrogen, as shown in equation 6.25 
below: 
                                 (6.22) 
                                        (6.23) 
                             (6.24) 
                               (6.25) 
                              (6.26) 
 
The increased yield of CH4 was due to the increase of methanation activity, as proposed from 
equation 6.26 above. The CO was significantly reduced, whilst the CH4 increased in the 
presence of additional H2 as a result of the methanation reaction. This suggests that the 
hydrogen produced from glycerol steam reforming at 400 
o
C over Hi-FUEL (Figure 6.3) at a 
contact time of 0.069 hours was still not sufficient to enhance methanation reaction. This 
finding evidently suggests that, at this reaction temperature, hydrogenolysis, hydrogenation, 
and thermal decomposition are dominant reactions over the Hi-FUEL catalyst.  
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6.6 Glycerol Steam Reforming over Hi-FUEL at 600 
o
C 
Hi-FUEL was also tested at 600 
o
C with a similar catalyst loading. The vaporiser temperature 
was fixed at 400 
o
C.  The glycerol conversion at respective space-time is shown in Table 6.4: 
1/WHSV (space-time, τ /hour) 0.007 0.013 0.020 0.033 0.065 
Glycerol Conversion, X (%) 98.88 99.96 100.00 100.00 100.00 
Table 6.4: Glycerol Conversion, X (%) from glycerol steam reforming at 600
o
C over  
Hi-FUEL catalyst 
The aqueous phase products’ yield, the gas products’ yield, the carbon gas selectivity (%), 
and the carbon species yield in gas phase (%) are revealed in Figures 6.8, 6.9, 6.10, and 6.11, 
respectively.  
 
Figure 6.8: The yield of the aqueous phase products from glycerol steam reforming at 600 
o
C 
over Hi-FUEL 
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Figure 6.9: The yield of  the main products (H2, CO2, CO and CH4) from glycerol steam 
reforming at 600 
o
C over Hi-FUEL 
 
Figure 6.10: The primary carbon gas selectivity (%) and CO/CO2 ratio of glycerol steam 
reforming at 600 
o
C over Hi-FUEL 
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Figure 6.11: The carbon yield of gas phase carbon products from glycerol steam reforming at 
600 
o
C over Hi-FUEL 
 
The glycerol approached complete conversion at a lower space-time, but it fully converted 
into the intermediates and final products as the catalyst loading increased. From Figure 6.8, it 
can be observed that all aqueous phase intermediates became traces as the space-time 
increased while they were converted into gaseous products. The condensation products and 
free radicals appeared at a low catalyst loading (low space-time), but relatively lower 
selectivity than the reaction at 400 
o
C. The condensation products disappeared as the catalyst 
loading increased. Acetol was the major trace component resulting from the dehydration of 
glycerol as the contact time increased in contrast to the reaction at 400 
o
C, of which allyl 
alcohol was the major intermediate. This coincides with the blank test experiment of which 
the yield of acetol increased as the temperature increased in the presence of silica carbide. 
However, the yield of each aqueous phase intermediates was very low and the intermediates 
disappeared since the catalyst was very active and the yield of the final products was very 
large, as shown in Figure 6.9. 
From Figure 6.9, it can be portrayed that CO2, CO, and CH4 yields approached the 
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shown in Figure 6.10. However, the hydrogen yield was lower than the equilibrium that led to 
the possibility of hydrogenolysis and hydrogenation, as discovered earlier. The methane 
production achieved equilibrium due to several possible reactions, such as methane steam 
reforming and methane decomposition into hydrogen and carbon, which can be demonstrated 
in equation (6.27), as shown below. The production of carbon from glycerol steam reforming 
reaction is discussed in detail in Chapter 8. 
                           (6.27) 
From Figure 6.10, on carbon species yield in the gas phase, a trace of propane was also 
detected at its highest point at a short space-time, followed by ethane and ethylene; however, 
all of these disappeared during a longer space-time.  This suggests that equations 6.22 to 
6.25, as mentioned earlier, were applied to this scenario, i.e. the hydrogenation of allyl 
alcohol. This left acetol as the major trace component resulting from the dehydration of 
glycerol in the system although it would finally disappear.  
Medrano et al. [21] conducted acetol (hydroxyacetone) steam reforming using Ca modified 
Ni/Al catalyst with a molar ratio of Ca/Al of 0.12, which was similar to the Ca/Al molar ratio 
of Hi-FUEL catalyst. Their catalyst was prepared using the coprecipitation method. The study 
by Medrano et al. is an important benchmark in this study; mainly because, to date, there has 
been no published work or reports on Ni-Ca-Al related to glycerol steam reforming. 
Therefore, the closest comparison that could be made is via acetol steam reforming since 
acetol is the intermediate found in this work. They had reported that at 650 
o
C with a steam to 
carbon (S/C) ratio of 5.58, acetol conversion of 88.78% was achieved with a Wcatalyst/macetol of 
2.0 gcat.min/gacetol. In contrast, in this research work, with a steam to carbon ratio of 2.7 
(steam to fuel ratio of 8.1), the nearest comparison that could be made was with a 
Wcatalyst/mglycerol ratio at 1.48 and 2.96 gcat.min/gglycerol corresponding to 50 and 100 mg of Hi-
FUEL catalyst loaded, respectively; and tested at 600 
o
C.  Acetol steam reforming can be 
represented, as shown in equation 6.28: 
              (6.28) 
With reference to this doctoral research work, at Wcatalyst/mglycerol= 1.48, the glycerol 
conversion was 98.9 %, while the conversion of glycerol to gas and solid phase was 63.6%. It 
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was found that the acetol mole fraction was 0.17 in the aqueous phase. At Wcatalyst/mglycerol= 
2.96, although the conversion of glycerol was almost 100%, and glycerol to gas and solid 
phase conversion improved to 84.0%, acetol was still high, which made up the mole fraction 
in the aqueous phase of 0.34. Glycerol to gas and solid phase conversions were calculated 
using the equation (6.29) below: 
                                             
[(             ) (
∑          
)]
             
             (6.29) 
         represents the molar flow rate of each carbon species i in the aqueous phase and N 
represents the number of carbon atoms attached to each species. The number of carbon atoms 
attached to glycerol was three, as indicated.  
Table 6.5 Summary of the findings from this work and Medrano et al. 
 Medrano et al. 
(2009) 
This work (a) This work (b) 
Reactant Acetol Glycerol Glycerol 
Wcatalyst/macetol 
(gcat.min/gacetol) 
2.0 1.48 2.96 
Ca/Al ratio 0.12 0.12 0.12 
Temperature/ 
o
C 650 600 600 
Steam to Carbon 
(S/C) Ratio 
5.58 2.7 
(Steam/Glycerol) 
2.7  
(Steam/Glycerol) 
Conversion (%) 88.78 98.9 %  
(Glycerol to gas 
phase conversion is 
63.6%) 
99.96 %  
(Glycerol to gas 
phase conversion is  
84.0 %) 
H2 Yield 0.11 0.5 1.4 
Note  Mole fraction of 
acetol in aqueous 
phase is 0.17 
Mole fraction of 
acetol in aqueous 
phase is 0.34 
Table 6.5: Comparison of results obtained from Medrano et al. (2009) and this work 
From Table 6.5, it can be clearly suggested that at low catalyst loading, acetol could not be 
reformed easily, which corresponds to the findings of Medrano et al. The hydrogen yield 
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reported was 0.11 in the study of Medrano et al. In this doctoral research work, the H2 yield 
was 0.5 and 1.4 for Wcatalyst/mglycerol of 1.48 and 2.96, respectively, suggesting that the H2 
produced at low catalyst loading may account for other reactions, such as the catalytic 
cracking of condensation products. As can be observed in Figure 6.8, the condensation 
products reduced tremendously from 0.005 mol/hour over 50mg Hi-FUEL to 0.0004 
mol/hour over 100mg Hi-FUEL. Medrano et al. also reported that acetol steam reforming 
produced ethane and ethylene, which was similar to the findings in this study; however, the 
production of propane was not reported. In addition, the work Medrano of et al. was also 
benchmarked against a Ni/Al catalyst and they concurred that the doping of calcium to 
Ni/Al2O3 produced more CO and CH4 from acetic acid and acetol steam reforming activities.  
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6.7 Effect of Reaction Temperature to Glycerol Steam Reforming over Hi-FUEL 
In addition to the two temperatures that were tested by changing the catalyst loading, Hi-
FUEL was also tested on glycerol steam reforming at 500 and 700 
o
C. The reactor tube was 
loaded with 500mg of Hi-FUEL, while all the other parameters remained constant. With 
respect to the effect of the reaction temperature from 400 to 700 
o
C, the results are illustrated 
in Figures 6.12. 6.13, and 6.15, on the product yield, selectivity, and the carbon yield in gas 
phase, respectively. Figures 6.12, 6.14, and 6.15 depict the thermodynamic equilibrium 
results from the Aspen-HYSYS simulation study with regard to the product yield, selectivity, 
and carbon yield, respectively. 
 
Figure 6.12: Effect of reaction temperature to the product yield in the gas phase from the 
glycerol steam reforming over Hi-FUEL 
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Figure 6.13: Effect of reaction temperature to the product selectivity in the glycerol steam 
reforming over Hi-FUEL 
 
Figure 6.14: Effect of reaction temperature to gas selectivity in the glycerol steam reforming 
predicted by Gibbs free energy minimisation method in Aspen-HYSYS 
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Figure 6.15: Effect of reaction temperature to carbon yield in gas phase in the glycerol steam 
reforming over Hi-FUEL 
 
The plot is divided into four different zones to represent the major reaction that was dominant 
at the different temperature ranges. Zone A represents the hydrogenolysis region, followed by 
Zone B that represents the active water gas shift reaction region, Zone C, active steam 
reforming region, and finally Zone D – the syngas production region.  
6.8.1 Zone A (hydrogenolysis and thermal decomposition region) 
In this doctoral research work, some experimental work was conducted at 300 
o
C (the partial 
results are shown in the Appendix section 7.0), for which the gas yields were very low (for 
example, hydrogen selectivity between 1 to 3 %) and the intermediates consisted mainly of 
condensation products. The production of condensation products and free radicals caused 
large  production of free carbon that was not deposited on the surface of the catalyst. The 
coke fouled and blocked the reactor tube and heating line, and therefore, the carbon balance 
could not be carried out properly. From 400 to 500 
o
C, it was observed that hydrogenolysis 
and thermal decomposition reaction competed with steam reforming on the Hi-FUEL 
catalyst. This has been discussed earlier in section 6.4. The hydrogen yield was low since it 
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was utilised at the same time in hydrogenolysis and hydrogenation, which ended up 
producing a high amount of CO and a low amount of CO2. Therefore, there is a significant 
difference between what was obtained experimentally and expected from the thermodynamic 
analysis. The reaction over Hi-FUEL catalyst at this temperature suppressed methanation due 
to other favourable reactions.  
 
6.8.2 Zone B (Active Water Gas Shift Reaction) 
An efficient water gas shift reaction was observed at 500 
o
C. The CO/CO2 ratio was at the 
lowest point in the plot due to very low formation of CO and high production of CO2. The 
water gas shift reaction (WGS) is shown in equation 6.30.  
                              (6.30) 
At this temperature, methane was produced at the expected selectivity, similarly, as predicted 
by the thermodynamic equilibrium, while the hydrogen that was produced was slightly lower 
than the equilibrium. This finding concurred with a study carried out by Sahoo et al. [22], 
suggesting that the water gas shift reaction was active at 500 
o
C.  
 
6.8.3 Zone C (Efficient Steam Reforming Reaction) 
The reaction at 600 
o
C was discussed in detail in section 6.6. Although the selectivity of CO, 
CO2, and CH4 achieved the equilibrium at space-time of 0.1 hour, as compared to Figures 
6.16 and 6.17, the carbon yield for CO2 and CO, as shown in Figure 6.18, was lower than the 
one predicted via Aspen-HYSYS. This suggested that the most possible loss of carbons was 
via coke formation; this is discussed in detail in Chapter 8.  
6.8.4 Zone D (Syngas Production Zone) 
At 700 
o
C, the conversion of glycerol to gas phase was 100%.  CO was largely produced and 
this did not compromise the production of hydrogen as the occurrence of CO was at 400 
o
C. 
Even though the hydrogen selectivity was lower than the equilibrium prediction, this reaction 
zone was not governed by hydrogenolysis and CO was mainly produced via two possible 
reactions, i.e. reverse water gas shift reaction (RWGS), and Boudouard reaction, as expressed 
by Slinn et al. [23] in equation 6.31. 
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                          (6.31) 
In Figure 6.18, the CO yield almost reached the equilibrium, while the CO2 yield was lower 
than what was predicted. This suggests that there was also a possibility that the carbon 
formation accounted for the carbon loss in the gas phase. In order to get more syngas, it is 
therefore suggested to operate the reactor above 700 
o
C for this particular catalyst.  
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6.8 Effect of Steam to Glycerol Ratio to Glycerol Steam Reforming over Hi-FUEL 
The Hi-FUEL catalyst was further tested by varying the steam to fuel ratio in glycerol steam 
reforming. Based on the syringe pump setting, the steam to glycerol ratio was set at 8.1:1, 
12.1:1, and 20.2:1. The reaction temperature was fixed at 600 
o
C and 500mg Hi-FUEL was 
loaded into the reactor for each test. The nitrogen flow was fixed at 0.09 mol/hour  
(79.3 cm
3
/min). For the purpose of clarity and future work, the steam to fuel ratio was 
expressed in terms of steam partial pressure, i.e. 18, 27 and 45.1 kPa, respectively, based on 
the ideal gas calculation. The glycerol partial pressure was set at 2.2 kPa. Figure 6.16 depicts 
the hydrogen yield and CO/CO2 ratio with respect to its equilibrium value, while Figures 6.17 
and 6.18 depict the effect of steam partial pressure to gas selectivity and carbon yield in the 
gas phase with comparison to the thermodynamic equilibrium prediction, respectively. 
 
Figure 6.16: Hydrogen yield and CO/CO2 ratio with respect to the different steam partial 
pressure of glycerol steam reforming at 600 
o
C over Hi-FUEL catalyst 
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Figure 6.17: Gas selectivity with respect to the different steam partial pressure of glycerol 
steam reforming at 600 
o
C over Hi-FUEL catalyst 
 
Figure 6.18: Gas phase carbon yield with respect to the different steam partial pressure of 
glycerol steam reforming at 600 
o
C over Hi-FUEL catalyst 
R² = 0.9902 
R² = 0.9947 
R² = 0.9954 
0
10
20
30
40
50
60
70
80
90
100
15 20 25 30 35 40 45 50
Se
le
ct
iv
it
y 
(%
) 
Steam Partial Pressure (kPa) 
CH4 CO2 CO CH4 eqm CO2 eqm CO eqm
0
10
20
30
40
50
60
70
80
90
100
15 20 25 30 35 40 45 50
C
ar
b
o
n
 Y
ie
ld
, Y
C
i (
%
) 
Steam Partial Pressure (kPa) 
CH4 CO2 CO CH4 eqm CO2 eqm CO eqm
209 
 
Figure 6.16 implies that the hydrogen yield was lower, but it followed a linear trend as the 
steam partial pressure increased. In addition, the CO/CO2 ratio met the equilibrium value. In 
Figure 6.17, all the carbon based gas selectivity fitted the equilibrium prediction. There were 
no other gases formed other than what was illustrated. As the steam partial pressure 
increased, steam reforming assisted with the water gas shift reaction becoming more 
dominant than any other side reactions. The CO and CH4 selectivity reduced, whilst the CO2 
selectivity increased. All the other gases selectivity could also be fitted into a linear trend 
line. Even though operating at a higher steam partial pressure was desirable, the main concern 
was a huge reactor loading that would lead to extra infrastructure and operational costs [24]. 
Figure 6.18 depicts the carbon yield of the carbon based gases produced. The CO2 produced 
was lower than the equilibrium, which suggests that some of the carbon atoms might be lost 
to form coke or due to carbon balance error, but, as the steam partial pressure increased, the 
gap became closer, implying that the coke formed would probably lessen. 
 
6.9 Comparison between Hi-FUEL and commercial Ni/Al2O3 on Glycerol Steam 
Reforming 
A performance comparison between two commercial catalysts, Hi-FUEL and Ni/Al(C), was 
carried out to investigate the effect of calcium as a promoter to the catalyst. The catalyst 
characterisation analysis for Ni/Al(C) is described in Chapter 4. The reactor temperature was 
again fixed at 600 
o
C, as that was the best temperature to observe the optimum catalytic 
activity for both catalysts. Other conditions, such as the GHSV, vaporiser temperature, and 
steam to fuel ratio at 8.1:1, remained constant. Two different catalyst loadings were chosen 
for both catalysts, i.e. 150mg and 500 mg, to represent the space-time of 0.029 and 0.1 hour, 
respectively. The results were also compared with the thermodynamic equilibrium, as 
simulated by Aspen-HYSYS. The aqueous phase product yield is depicted in Figure 6.19, 
while the carbon gas selectivity is shown in Figure 6.20. The hydrogen yield and carbon yield 
in the gas phase are shown in Figure 6.21.  
210 
 
 
Figure 6.19: Aqueous phase product yield from the glycerol steam reforming over NiAl(C) 
and Hi-FUEL at 600 
o
C, 1 atm, S/F = 8.1/1 
 
Figure 6.20: Gas phase products selectivity (%) from the glycerol steam reforming over 
NiAl(C) and Hi-FUEL at 600 
o
C, 1 atm, S/F = 8.1/1 
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Figure 6.21: Hydrogen yield, YH2 and carbon yield, YCi (%) of gas products from glycerol 
steam reforming over NiAl(C) and Hi-FUEL at 600 
o
C, 1 atm, S/F = 8.1/1 
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insignificant in comparison to the Hi-FUEL performance. Both catalyst loadings of NiAl(C) 
also exhibited low CO2 yield, as shown in Figure 6.21, suggesting that a large amount of coke 
might be produced, whereas a low CO2 yield in Hi-FUEL was only obtained at a low catalyst 
loading. Compared to the thermodynamic limitation, Hi-FUEL was able to assist the steam 
reforming reaction and produce the final desired products closer to the equilibrium at the 
stipulated space-time. Whilst Hi-FUEL had a significant change over the catalyst loading, as 
discussed earlier in Sections 6.4 and 6.6, it was assumed that the presence of calcium affected 
the reaction pathway in the Ni-Al2O3 catalyst system; this is discussed in detail in Chapter 7.  
Cheng et al. [6], in their work on glycerol steam reforming over a Ni/Al2O3 catalyst, used 
Ni/Al2O3 (15wt%) and a steam to fuel ratio of 12:1 (steam to carbon ratio, 4:1). Therefore, 
the following results, as presented in Table 6.6, can be compared. The hydrogen yield was 
calculated based on the equation used by Cheng et al.: 
    
        
[(             )            ]
                     (6.32) 
Author Cheng et al. (2011) This work 
Catalyst Ni/Al2O3 (15wt%) Hi-FUEL R110  
Ni/CaO-Al2O3 (18wt% Ni) 
GHSV 50000 ml/gcat hour 63400 ml/gcat hour 
Temperature/ 
o
C 550 600  
Steam to Fuel Ratio 12 to 1 8.1 to 1 
Conversion (XG) 79.8 99.9 
Yield (%) 
*H2 27.4 26.6 
CO2 66.9 29.8 
CO 8.8 18.8 
CH4 4.1 1.6 
Table 6.6: Comparison between Cheng et al. and this work on Ni/Al2O3 and Hi-FUEL 
The data, as shown in Table 6.6, suggest that at a lower steam to fuel ratio and higher GHSV  
(hence shorter contact time between the reactants and the catalyst), glycerol steam reforming 
performed similar to Ni/Al2O3 in terms of hydrogen yield with a lower CO2 and CH4 yield, 
but a higher CO yield.  This strongly suggests that the presence of calcium needs to be 
investigated and the findings validated. 
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6.10 Time on Stream (TOS) Analysis on Glycerol Steam Reforming over Hi-FUEL 
Figures 6.22 and 6.23 depict the carbon gas selectivity (%) and hydrogen and carbon gas 
yield (%) resulting from the TOS experiment on glycerol steam reforming over  
the Hi-FUEL catalyst. The reaction was conducted at a steam to fuel ratio of 8.1:1 and 600 
o
C 
for 510 minutes. In the first 30 minutes, the hydrogen yield (Figure 6.23) was at the highest 
with the reactants in contact with the fresh catalyst. As time passed, the selectivity of CO2, 
CO, and CH4 was consistent throughout the 510 minutes of reaction, which could be similarly 
explained by analysing the carbon yield of the gas products. The hydrogen yield decreased at 
a constant rate, but the reaction over this catalyst could be prolonged without significant 
deactivation. The reduction of hydrogen selectivity was possible due to coke formation, 
which might block the active metal site, and, hence, reduce the reforming activity. 
Nevertheless, it was calculated that the catalyst would take a longer time to fully deactivate. 
The presence of calcium was assumed to be the main factor that could prolong this reaction 
without significant deactivation. This is similarly reported by Bellido and Assaf [25] in their 
work with NiCSZ (Nickel impregnated on ZrO2 stabilised with CaO) and Elias et al. [26] in 
their work of Ni-Ca/Al2O3 with regard to ethanol steam reforming. Elias et al.  proposed that 
there was no significant deactivation during the 24-hour operation with rich H2 production at 
57% at 650 
o
C.  Bellido and Assaf recommended that by introducing CaO into the ZrO2 
support, the hydrogen composition improved in comparison to Ni on ZrO2 alone and the 
catalyst was stabilised throughout the 350 minutes of reaction. However, the presence of 
calcium might form some coke, and, possibly, simultaneously promote coke gasification, as 
suggested by Choong et al. [27]. 
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Figure 6.22: Gas phase products selectivity from TOS of glycerol steam reforming over Hi-
FUEL catalyst at 600 
o
C, 1 atm and S/F = 8.1/1 
 
Figure 6.23: Hydrogen yield and gas phase carbon yield from TOS of glycerol steam 
reforming over Hi-FUEL catalyst at 600 
o
C, 1 atm and S/F = 8.1/1 
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6.11 Conclusion 
The glycerol steam reforming study was carried out successfully over the Hi-FUEL catalyst. 
Various parameters were examined, such as the effect of catalyst loading or WHSV at 400 
and 600 
o
C, the effect of adding hydrogen to the reaction, the effect of reaction temperature, 
the effect of steam to fuel ratio and TOS analysis. All the parameters were compared with the 
thermodynamic equilibrium analysis via Gibbs free energy minimisation method, as 
simulated by Aspen-HYSYS.  
Based on the blank test using an empty tube (BT), a tube filled with quartz wool (QW), and a 
tube filled with silica carbide (SiC), it was observed that glycerol was fully converted to other 
aqueous phase intermediates and gases at all temperatures tested.  Three major products were 
formed: condensation products, allyl alcohol and acetol, which resulted from thermal 
decomposition and polymerization, dehydration, and hydrogenation, respectively.  
When Hi-FUEL was introduced to the reaction, it was found that at 400 and 600 
o
C,  
the reaction carried out over the Hi-FUEL catalyst behaved differently. At 400 
o
C, the Hi-
FUEL promoted hydrogenolysis and hydrogenation, and, hence, reduced the amount of CO2 
produced, but increased the amount of CO as the space-time increased. The methanation 
however, was suppressed due to the favourable production of CO and other hydrocarbons 
related to hydrogenolysis reactions. There was, however, a tendency to promote methanation 
at a higher catalyst loading as methane started to increase at a longer contact time. At 600 
o
C, 
steam reforming of glycerol was active, which was largely dominated by the decomposition 
of glycerol to CO and H2, followed by the water gas shift reaction to convert CO into CO2. 
The selectivity of the carbon based gases almost approached the equilibrium as the catalyst 
loading increased, but the hydrogen yield was lower than the equilibrium value due to the 
presence of the other side of the reaction, such as hydrogenation. The methanation reaction 
did not occur as methane underwent steam reforming, and, hence, the formation of methane 
was low. A further benchmark study was made against a study on acetol steam reforming. 
The finding clearly suggests that acetol steam reforming occurred at a higher catalyst loading, 
i.e. at a longer space-time, and hydrogen production at a lower catalyst loading was produced 
by other reactions, namely, catalytic cracking of condensation products or dehydrogenation. 
The production of ethane and ethylene was from the acetol cracking activity, but not for 
propane production, which, as suggested earlier, was produced from the allyl alcohol 
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hydrogenation reaction. In addition, the higher CO yield in the Ca modified Ni/Al2O3 catalyst 
was confirmed from the benchmark study. 
Furthermore, in order to confirm that the Hi-FUEL catalyst promoted hydrogenolysis, 
hydrogen was added into the reaction at 400 
o
C, and it was found that the hydrogen was used 
up to produce primary hydrogenolysis products, such as ethylene glycol and methanol, and 
other products, such as 1-propanol, 2-propanol, and propylene glycol. The hydrogen was also 
consumed to produce gases, such as ethylene, ethane, and propane.  
In a further test, the Hi-FUEL catalyst was also experimented at different reaction 
temperatures ranging from 400 to 700 
o
C. Prior to these temperatures, condensation reactions 
dominated and produced large amounts of condensation products, as well as fouling the 
reactor tube and heating lines. The reaction temperatures tested were divided into four main 
zones or regions depending on the dominance of the reaction, i.e. Zone A at 400 
o
C, which 
was largely dominated by hydrogenolysis and thermal decomposition; and Zone B at 500 
o
C, 
where the water gas shift reaction was active. In Zone C at 600 
o
C, the steam reforming was 
active, and in Zone D, i.e. above 700 
o
C was a syn gas production controlled region.   
By varying the steam to fuel ratio and representing it as an effect of the steam partial pressure 
to the reaction system, it was discovered that by adding more steam, the CO2 and H2 yield 
would increase linearly. Similarly, the CO and CH4 yield and selectivity decreased linearly. 
The hydrogen selectivity was closer to the equilibrium as more steam was added. This was 
possible since the added steam reduced the other reactions that may occur at low steam 
partial pressure, promoting a steam reforming reaction, as well as water gas shift reaction.  
It was also believed that the promotion of calcium affected the reaction pathway of glycerol 
steam reforming. Therefore, the Hi-FUEL was compared at 600 
o
C with a commercial 
nickel/alumina catalyst denoted as NiAl(C) using two catalyst loadings. The results proposed 
that a higher hydrogen yield could be obtained from the Hi-FUEL catalyst, but it also 
produced higher CO production at a lower catalyst loading. As for NiAl(C), increasing the 
catalyst loading did not significantly change the gas selectivity, although, at a low catalyst 
loading, it promoted a higher hydrogen yield in comparison to the Hi-FUEL. This was 
postulated to result from the absence of calcium, which reduced the reaction complexity that 
occurred over the catalyst surfaces. 
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The TOS analysis results suggested that the glycerol steam reforming reaction could be 
prolonged over the Hi-FUEL catalyst since the catalyst was very active and the carbon yield 
of the carbon based gases remained constant throughout the 510 minutes of the reaction. The 
hydrogen yield was lower as time passed, which was assumed to be caused by the production 
of coke that blocked the active metal site. 
Hi-FUEL catalyst was found to be active in glycerol steam reforming, as well as for syn gas 
production. The presence of calcium is therefore significant and needs to be explored further. 
Therefore, a detailed analysis, such as testing the breakdown of the Hi-FUEL components of 
glycerol steam reforming is discussed in the next chapter to identify the reaction pathway of 
glycerol steam reforming over a Ni-Ca/Al2O3 catalyst.  
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CHAPTER 7: EFFECT OF DOPING CALCIUM TO NICKEL/ALUMINA 
CATALYST IN GLYCEROL STEAM REFORMING 
7.1 Introduction 
The findings, as discussed in Chapter 6, revealed that the Hi-FUEL catalyst behaved 
differently in comparison to a typical nickel supported alumina catalyst. The Hi-FUEL was 
able to promote higher hydrogen selectivity in comparison to Ni/Al2O3. However, it was also 
discovered that the Hi-FUEL increased the amount of CO production, especially at 400 
o
C. 
This contrasts to an earlier assumption made during the thermodynamic equilibrium analysis, 
which presumed that higher levels of CO2 and lower amounts of CO would be produced from 
the reaction at this temperature. Further experiments of the reaction at 600 
o
C also indicated 
that higher CO was produced at a low catalyst loading, but achieved high CO2 selectivity at 
an extended contact time.  
The main objective of this chapter is to investigate the effects of calcium promotion on the 
nickel/alumina catalyst by studying the variation of calcium loading and the reaction involved 
on the surface of the catalyst itself. The findings from the Hi-FUEL and the prepared 
catalysts on glycerol steam reforming are also compared against other findings. These include 
the findings from several other established researchers on group II alkaline metal doped 
nickel based catalysts.  
7.2 Comparison between synthesised Ni/Al2O3 and commercial Ni/Al2O3 
A similar catalyst (15 wt.% Ni on γ-alumina) to commercial Ni/Al2O3 (NiAl(C)) was 
prepared via the impregnation method, as discussed in Chapter 4, which is denoted as 
NiAl(S). This was to compare the performance of both catalysts and as a benchmark if the 
preparation of all the catalysts was within acceptable procedures. Both catalysts were tested 
at 600 
o
C, with a catalyst loading of 500mg (WHSV of 10.5 gflow/gcatalyst hour-
1
). The other 
parameters were maintained at constant (steam to fuel ratio 8.1:1, GHSV = 2220/hr).  
Figures 7.1 and 7.2 depict the selectivity and the carbon yield of the outlet gaseous products 
for the two catalysts tested compared to thermodynamic equilibrium. The glycerol conversion 
for NiAl(S) was 100% and the aqueous phase products were mere traces.  
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Figure 7.1: The selectivity of gas phase products for NiAl(C) and NiAl(S) on glycerol steam 
reforming at 600 
o
C, steam to fuel ratio 8.1:1, WHSV = 15.3 gflow/gcatalyst hour 
 
Figure 7.2: Hydrogen yield, YH2 and carbon yield, YCi of carbon based gases produced from 
glycerol steam reforming over NiAl(C) and NiAl(S) 
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With reference to Figure 7.1, it was discovered that there were no significant differences in 
the performance of both catalysts, suggesting that NiAl(S) can be further used as a 
comparison with other prepared catalysts. The findings obtained from both catalysts support 
the findings presented by Cheng et al. [1], in which Ni/Al2O3 raised the CO2 selectivity and 
lowered the CO selectivity. In Figure 7.1, the carbon gas selectivity reached the targeted 
equilibrium; however, the hydrogen produced was approximately 30% lower in its selectivity 
when compared with the thermodynamic analysis prediction. The reduction of hydrogen 
suggested that hydrogen might be used to promote hydrogenation of other unknown 
components. Contrary to the selectivity, the carbon yield CH4 of CO, CO2 did not reach the 
targeted equilibrium, as depicted in Figure 7.2. This indicated that the formation of coke 
might have blocked the active metal site. 
 
7.3 Effects of Calcium Loading to Alumina  
Numerous researches that were carried out earlier mostly focused on identifying other 
potential uses of glycerol produced from biodiesel plants. This research work concentrated on 
glycerol hydrogenolysis, at high pressure and low temperature region. Bildea et al. [2] 
combined and summarised the chemical reactions that occurred during glycerol 
hydrogenolysis in the presence of metallic catalysts. The proposed reaction pathways of 
glycerol hydrogenolysis were suggested by Miyazawa et al., Dasari et al. and Maris and 
Davis [3-5]. The following diagrams in Figures 7.3 (a) and (b) depict the reaction package of 
Miyazawa et al. and further improved by Bildea et al., respectively. 
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(b) 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3: Chemical reactions (re-sketched) occurring during glycerol hydrogenolysis as 
summarised by (a) Miyazawa et al. (b) Bildea et al. 
The addition of calcium as a promoter in the Hi-FUEL was believed to boost the 
hydrogenolysis and hydrogenation of some intermediates in glycerol steam reforming. 
Although hydrogen was used up for these particular reactions, the production of hydrogen 
was higher than the typical nickel/alumina catalyst. In order to validate this assumption, 
calcium was doped on γ-alumina with different weight percentages and tested in glycerol 
steam reforming. To identify the route of the reaction that took place over the calcium surface 
of the Hi-FUEL catalyst, 500mg of 3, 7, and 9 wt% Ca was impregnated on γ-alumina and 
calcined alumina alone (γ-alumina), denoted as 3Ca, 7Ca, 9Ca, and Al2O3, and were tested on 
glycerol steam reforming at 600 
o
C. This reaction temperature was chosen to reduce the 
homogenous reactions and large formations of condensation products and free radicals that 
might have taken place due to the reduced catalytic activity on calcium and alumina at low 
temperature.  
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Figure 7.4: Aqueous phase products’ yield (%) of glycerol steam reforming over Al2O3, 3Ca, 7Ca, and 9Ca at 600 
o
C, 1 atm 
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Figure 7.5: Carbon gas products selectivity of glycerol steam reforming over the prepared 
xCa/Al2O3 catalysts at 600 
o
C and 1 atm. 
 
Figure 7.6: Carbon yield of gas phase products from glycerol steam reforming over the 
prepared xCa/Al2O3 catalysts at 600 
o
C and 1 atm. 
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Figure 7.7: Hydrogen yield and CO/CO2 ratio of the glycerol steam reforming at 600 
o
C and 
1 atm over xCa/Al2O3 (x=0, 3, 7 and 9 wt% of Ca) 
Figure 7.4 depicts the aqueous phase product yield or intermediates produced from the steam 
reforming of glycerol over xCa/Al2O3, of which x=0, 3, 7, and 9 wt% of Ca, respectively. 
Figures 7.5 and 7.6 demonstrate the carbon gas product selectivity and the carbon yield of the 
gas products over the prepared catalysts, respectively. In Figure 7.7, the H2 yield and CO/CO2 
ratio are demonstrated. 
By referring to Figure 7.4, a consistent trend was identified of which the allyl alcohol and 
acetol productions were produced at a very low yield, which suggested that the allyl alcohol 
and the acetol were likely converted into different products. Meanwhile, glycerol 
hydrogenolysis, hydrogenation, and dehydration dominated the overall reactions. The 
hydrogenolysis reaction can be identified in Figure 7.4 by the presence of large amounts of 
methanol. The presence of methanol was discussed earlier in Chapter 6. The hydrogenolysis 
postulation was validated by the presence of considerably larger amounts of other 
intermediates over xCa/Al2O3 catalysts, which were traces (less than 1% selectivity) when the 
Hi-FUEL was used in the reaction. Some of these examples were ethanol, propionic acid, 
butyric acid, diethylene glycol, and 1,2-propane diol (propylene glycol). With reference to 
Figure 7.3 and comparing this with Figure 7.4, it can be deduced that in the presence of 
calcium and without the presence of nickel, glycerol favoured hydrogenolysis that produced 
large amounts of methanol (and ethylene glycol). Methanol production increased with the 
increase of calcium loading. However, ethylene glycol did not materialize in large yields in 
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this experiment since ethylene glycol was postulated to form diethylene glycol (DEG). Figure 
7.3 (b) describes how the mentioned reaction was made possible. Based on Figure 7.4, the 
yield of diethylene glycol (DEG) could be multiplied by 4 (4 is the number of carbon atoms 
in the DEG molecule) to reflect the carbon yield of DEG, which was consistent with the 
carbon yield of methanol.  
The glycerol dehydration resulted in not only the formation of acrolein, followed by 
hydrogenation to acetone, but also caused the decomposition to acetaldehyde and carbon. 
This finding corresponds with the proposal made by Chiodo et al. [6]. The reactions were 
suggestively postulated as in the following: 
                (7.1) 
                          (7.2) 
                (7.3) 
The acrolein, acetone, and acetaldehyde productions, as shown in Figure 7.4, reflect a 
consistent trend of which the increased yield of acetone and acetaldehyde would eventually 
reduce the formation of acrolein. Although hydrogen was not supplied in the feed line, the 
only possible immediate source of hydrogen for further hydrogenolysis was via the 
decomposition of glycerol to acetaldehyde, as shown in equation 7.4, or the dissociative 
chemisorption of steam on the calcium surface, as reported by Choong et al. [7]: 
                                                  (7.4) 
It was also interesting to note the presence of butyric acid, which is a component belonging to 
the acetaldol group. This is an oily colourless liquid that was produced from two molecules of 
condensed acetaldehydes, as well as a product of hydrogenolysis of glycerol. The image of 
229 
 
acetaldol mixture produced is shown in Figure 7.8. Acetaldol was largely produced in Al2O3 
and 3Ca, but decreased as the calcium loading increased. 
 
Figure 7.8: The image of aqueous phase product, which was 
suspected to contain acetaldol over xCa/Al2O3 catalysts 
 
With reference to Figures 7.3 (a) and (b), the proposed reaction pathway lacked some 
important information, such as the formation of allyl alcohol as an intermediate in glycerol 
reforming. As discussed in Chapter 6, allyl alcohol could be obtained in the presence of 
acrolein, which reacts with hydrogen [8]. However, although in the presence of xCa/Al2O3, 
the allyl alcohol had a low yield, in Chapter 6 it was shown that the allyl alcohol appeared at 
low Hi-FUEL loading, as well as in the blank test study. The possible reaction to this was the 
hydrogenation of allyl alcohol to propane (C3H8), as observed in Figures 7.5 and 7.6, 
respectively. The acetol yield was also low on xCa/Al2O3 and Al2O3 due to the conversion of 
acetol into some other products, most likely, propylene glycol. Propylene glycol might 
further hydrogenate to produce 2-propanol. This reaction mechanism is represented in Figure 
7.3 (b). The production of these components was proven, as demonstrated in Figure 7.4. It 
can be postulated that acetol steam reforming is only active on nickel surfaces.  
The proposed summary in Figure 7.3 also overlooked the glycerol hydrogenolysis or 
hydrogenation that led to the formation of propane (C3H8), as shown in Figures 7.6 and 7.7. 
Murata et al. [9] reported on propane formation using the aqueous phase reforming of 
glycerol over Pt/H-ZSM5 catalysts. This was conducted at a higher pressure (2 MPa) and at a 
relatively low temperature (270 
o
C) in the presence of hydrogen. Up to 35.4% carbon 
selectivity of propane was produced. Ethane was also produced at high carbon selectivity 
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(24.1%). No propylene was observed, which was similar to the finding in Figure 7.5. The 
proposed stoichiometric equation by Murata et al. is as follows: 
                                                       (7.5) 
The proposed equation (7.5) was made possible as CO2 production, as illustrated in Figure 
7.7, which was proportional to the propane production. However, the possibility of propane 
production was via hydrogenation of glycerol, i.e. the reaction between glycerol and 
hydrogen to produce water and propane, as shown in equation (7.6): 
                                           (7.6) 
A simple thermodynamic analysis was conducted via Aspen-HYSYS to verify the proposed 
equation (7.6). The components involved in the Gibbs reactor were glycerol (C3H8O3), 
hydrogen, water, propane, and ethane. A similar thermodynamic package, as discussed in 
Chapter 3, was used, which was simulated at 600 
o
C using atmospheric pressure. The steam 
to glycerol molar ratio was fixed at 8:1.  Table 7.1 corroborates the possibility of this 
reaction, i.e. by adding more hydrogen, more propane is produced. 
 Inlet Feed Molar Ratio  
H2O: C3H8O3: H2 
8:1:0.1 8:1:0.5 8:1:1 8:1:2 
Propane (C3H8)  0.0026 0.0137 0.0267 0.0490 
H2O  0.8897 0.8931 0.8972 0.9041 
Ethane (C2H6)  0.0013 0.0049 0.0085 0.0149 
Hydrogen  0.0000 0.0000 0.0000 0.0000 
Glycerol  0.1064 0.0883 0.0676 0.0320 
Table 7.1: Thermodynamic Analysis of Glycerol Hydrogenolysis at 600 
o
C, 1 atm  
via Aspen-HYSYS 
Earlier, the production of propane was also postulated from the hydrogenation of allyl 
alcohol. Thus, the summary of the mechanism to produce propane from glycerol can be 
postulated, as shown in Figure 7.9: 
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Figure 7.9: Reaction mechanism of glycerol hydrogenation for propane production 
 
Based on the findings so far, it can be concluded that glycerol hydrogenolysis and 
hydrogenation were favourable in the calcium based catalyst. The following hydrogenolysis 
route, as portrayed in equations 7.7 and 7.8, were postulated by Cheng et al. [10] with regards 
to the glycerol steam reforming reaction. However, these reactions may not be influential 
enough over a nickel/alumina catalyst. 
                           (7.7) 
                                        (7.8) 
Equations 7.7 and 7.8 can be used to support the finding of relatively higher yields of CO and 
CH4 from glycerol steam reforming over Hi-FUEL in comparison to NiAl(C) and NiAl(S). 
With the variations of calcium loading, it can be concluded that an optimum calcium loading 
needs to be introduced to enhance the reaction. In this calcium impregnated alumina 
catalysts, 7 to 9 wt% calcium were considered as the optimum loading. At low calcium 
loading, dehydration occurred, hence producing components, such as acrolein and 
acetaldehyde. This was dominated by the presence of alumina, which is acidic in nature.  
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Ca/Al2O3 is not really a good catalyst, but the study of calcium impregnated on alumina and 
Al2O3 alone contributed to a sufficient understanding of the reaction pathways in the calcium 
promoted catalyst for reforming purposes, in general, and, specifically, the Hi-FUEL catalyst. 
In accession, according to Figure 7.7, with regards to the hydrogen yield, there was a linear 
trend of increasing hydrogen yield with increasing calcium loading. This, likewise, indicates 
that calcium, apart from acting as a promoter, also works as a catalyst favouring certain types 
of reaction. 
7.4 Effect of Calcium Loading to Nickel/Alumina Catalyst 
Two Nickel/Alumina catalysts were promoted with two different calcium loadings, namely, 
15Ni3Ca and 15Ni7Ca. Both catalysts were tested at 600 
o
C with similar conditions as other 
catalyst tests. Figures 7.10 and 7.11 depict the comparisons of NiAl(S), Hi-FUEL, 15Ni3Ca, 
and 15Ni7Ca in terms of gas selectivity and carbon yield in the gas phase, respectively.  
 
Figure 7.10: Gas products selectivity of glycerol steam reforming over prepared 15NixCa 
and Hi-FUEL catalysts at 600 
o
C and 1 atm. 
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Figure 7.11: Carbon yield of gas phase products from glycerol steam reforming via 
prepared 15NixCa and Hi-FUEL catalysts at 600 
o
C and 1 atm. 
 
The comparison for all catalysts is illustrated further by representing each catalyst to the ratio 
of calcium to nickel loading and the yield of hydrogen gas is plotted, as shown in Figure 7.12. 
In addition, Table 7.2 highlights the corresponding Ca/Ni ratio to each catalyst tested. 
 
Figure 7.11: Hydrogen yield, YH2and CO/CO2 ratio of glycerol steam reforming at 600 
o
C and 
1 atm over 15Ni-xCa/Al2O3 catalysts with varied Ca/Ni ratio 
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Catalyst NiAl(S) 15Ni3Ca 15Ni7Ca Hi-FUEL 
Ni loading (wt%) 16.1 14.3 14.3 18.6 
Ca loading (wt%) 0 2.4 7.3 12.4 
Ca/Ni 0 0.17 0.51 0.67 
Table 7.2: Corresponding Ca/Ni Ratio with respect to each catalyst tested 
From these tests, glycerol conversion was 100% and all the products in aqueous phase were 
mere traces. The increased calcium loading on impregnated catalysts improved the selectivity 
of hydrogen and CO2. This may result from high nickel activity, as easily as the claim that 
calcium, apart from working as a promoter, also works as a catalyst. In the presence of nickel, 
all aqueous phase products produced over Ca/Al2O3 earlier underwent steam reforming or 
catalytic cracking on the nickel surface. Therefore, the hydrogen produced was greater than 
Ni/Al2O3 alone, as portrayed in Figure 7.12. Nickel on the Ni/Al2O3 catalyst may only 
catalyse the conversion of allyl alcohol, acetol or acetaldehyde (as dehydrogenated by 
alumina) into steam reforming products. However, nickel metal on Ni-Ca/Al2O3 catalyst, 
aided the conversion of the intermediates as produced via thermal decomposition, 
dehydrogenated over alumina, as well as those that underwent glycerol hydrogenolysis. This 
is one of the possible reasons for the increased hydrogen yield. Apart from this, the Ni-
Ca/Al2O3 catalyst was active in the water-gas shift reaction, as proven and discussed in 
Chapter 5.  
Nevertheless, there is an optimum amount of calcium loading that yields high hydrogen and 
CO2. It was observed with the Hi-FUEL catalyst that the calcium loading of 12 wt% 
influenced hydrogenolysis, and, hence, gave higher CO and CH4 selectivity and carbon yield 
in comparison to the impregnated catalysts. In addition, the carbon balance of Hi-FUEL, 
without including the solid carbon, was the highest, suggesting that the coke formation in Hi-
FUEL may be lower than the remaining catalysts; this is discussed in Chapter 8. As for the 
catalysts, 15Ni7Ca performed the best in terms of hydrogen production by assisting the 
reaction to produce large amounts of hydrogen in comparison to other catalysts, as well as 
reducing the CO and CH4 to the lowest amount possible. However, the stability of this 
catalyst cannot be confirmed as there was no TOS analysis that was able to be conducted 
within the period of study. It was also suggested that a higher loading of calcium, such as in 
Hi-FUEL (12 wt.%) may be useful in syn gas production. Such a reaction was made possible 
by applying it at 400 
o
C, as discovered in Chapter 6, or operating it above 700 
o
C. 
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The yields of the desired products, as illustrated in Figure 7.12, could be used to decide on 
the optimum Ca/Ni ratio of hydrogen production. Increasing the Ca/Ni ratio led to the 
formation of higher CO2, but also higher CO and CH4, as claimed earlier by Medrano et al. 
[15]. This was possibly due to the coke gasification activity at a higher calcium loading, and 
is discussed in chapter 8. The reduction of hydrogen yield at a high Ca/Ni ratio may also 
account for the utilisation of hydrogen for the hydrogenolysis reaction as the calcium loading 
increased. In order to improve the overall hydrogen yield, the catalyst amounts may need to 
be added or a small weight percentage of noble metal, such as Rh or Ru maybe required at 
the optimum Ca/Ni ratio to enhance the reforming activity. 
 
7.5 Comparison with Other Group II Metals as Promoter on Ni/Al2O3, Ni-based or 
Alumina Supported Catalysts 
In addition to varying the calcium loading on Ni/Al2O3 catalysts, a comparison was made 
with other catalysts tested by other established researchers on Group II elements. The only 
work that is almost similar to this work was reported by Wang et al. [16] on the utilisation of 
Ni-Mg-Al based catalysts for steam reforming of glycerol. To date, the research work of 
glycerol reforming over barium and strontium doped on nickel-alumina had not been reported 
elsewhere.  
Table 7.3 portrays some comparative results between this doctoral research and the work of 
Wang et al., later denoted as Wang-Mg. Only the best results from the data provided were 
selected for this comparative study. In relation to the Hi-FUEL catalyst, the oxides weight 
percentage (obtained from XRF), which is not reported in Chapter 4 to avoid further 
confusion, is highlighted here for the sake of comparison. The obvious similarity for both 
catalysts spotted here is that the NiO weight percentage was almost equivalent, as well as the 
weight percentage of alumina. The type of alumina was, however, different.  Wang-Mg used 
γ-alumina, but Hi-FUEL was supported by α-alumina. MgO had a similar ratio to NiO, but 
CaO was doped at lower amounts when compared to MgO. 
The GHSV from Wang-Mg was almost halved, which suggested that the contact time in 
Wang-Mg was longer than in this doctoral research, allowing better contact time between the 
reactants and catalyst surface. In addition, the steam to fuel ratio used by them was less than 
what was applied to test the Hi-FUEL catalyst. Only a few data could be compared here since 
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the terminology used by Wang-Mg and the details of the calculations, such as the 
concentration of the gases, were not properly described. Clearly, the conversion of glycerol at 
a lower temperature in Wang-Mg was lower than the findings in this work due to two 
possibilities, i.e. low steam to fuel ratio adopted or all aqueous phase intermediates were 
treated as glycerol. In the work of Wang et al., the intermediates found were not mentioned at 
all. The hydrogen selectivity calculation by Wang-Mg was different to what was used earlier 
in this doctoral research. However, for the sake of clarity, their formula was used, as in the 
following: 
            
       
 (              )                        
               (7.9) 
Where ṅ = molar flow rate (mol/hour) 
 X = conversion 
Author Wang et al. [16] This work (Hi-FUEL) 
Catalyst (wt%) NiO MgO Al2O3 NiO CaO Al2O3 
24.1 26.1 49.8 27.1 18.1 54.4 
GHSV 18000 ml/gcat hour ~31700 ml/gcat hour 
Steam to Fuel Ratio 3 to 1 8.1 to 1 
 Results 
Temperature (
o
C) 450 550 650 400 500 600 
Conversion % (XG) 42.3 73.6 96.5 99.9 99.9 99.9 
*H2 Selectivity (%) ~40 ~70 78.5 42.1 74.5 95.4 
*H2 Selectivity (%) Equilibrium     42.4 74.93 95.8 
CO/CO2 Ratio 0.14 0.27 0.44 3.91 0.06 0.36 
Table 7.3: Comparison of results from Wang-Mg and this work 
Based on the comparative study in Table 7.3, it is worth mentioning that the presence of 
calcium provided superior results to hydrogen selectivity. Although the steam to fuel ratio 
adopted in this doctoral research was higher, the hydrogen selectivity approached the targeted 
equilibrium at a space-time earlier than in the work of Wang-Mg. Wang-Mg loaded 1000 mg 
of catalyst without any dilution and used a very high inert flow (300 ml/min), whilst this 
doctoral research loaded 500mg of Hi-FUEL, diluted in 5cm
3
 SiC bed with an inert flow of 
approximately 79 ml/min.  
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Interestingly, Wang-Mg reported that the CO/CO2 ratios obtained at 450, 550 and 650 
o
C 
were 0.14, 0.27, and 0.44, respectively, while for this doctoral research, the CO/CO2 ratios 
that was calculated at 400, 500 and 600 
o
C were 3.91, 0.06 and 0.36, respectively. This 
suggests that the phenomenon of hydrogenolysis at low temperature (400 – 500 oC) might not 
occur in the presence of Mg, but occurred otherwise on the Ca doped catalyst. The reasons 
behind these findings will be an interesting future work worthy of investigation. 
 
7.6 Proposed Reaction Pathway of Glycerol Steam Reforming via Ni-Ca/Al2O3 
(Hi-FUEL) 
Thus, it can be concluded that on the nickel-calcium-alumina catalyst system, several 
competitive reactions took place that occurred on different types of catalyst surface. This is 
shown in Figure 7.13. In this doctoral study, it can be modelled that once the mixture of 
glycerol and water were pumped into the rig and vaporised, it underwent homogeneous 
reactions, such as dehydration to produce acetol and acrolein, and dehydrogenation to 
produce acetaldehyde (initially glyceraldehyde). Alumina also promoted dehydration and 
produced acrolein. The acrolein was converted into a more stable component, i.e. allyl 
alcohol, by reacting with some of the hydrogen released from the dehydrogenation. Over the 
calcium surface, hydrogenolysis and hydrogenation took place, of which glycerol and any 
thermally decomposed or dehydrated intermediates would react with the hydrogen to produce 
other intermediates, such as methanol, ethanol, ethylene glycol, propylene glycol, and 
acetone. These intermediates and the remaining intermediates were formed from thermal 
decomposition or dehydration that would undergo further reaction on the nickel surfaces. The 
steam supplied reactivated the nickel surface to assist in the reforming process and the water-
gas shift reaction, as suggested by Cheng et al. [1]. Cheng et al. proposed that steam 
underwent dissociative chemisorption. Alumina, otherwise, would also act to dehydrate or 
dehydrogenate the glycerol to form the intermediates, which were readily available to be 
reformed.   
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In terms of the reaction network, the model in Figure 7.12 could be redrawn: 
 
Figure 7.14: Proposed reaction pathway to the production of primary products in glycerol 
steam reforming over Hi-FUEL catalyst 
Based on Figure 7.14, it was postulated that when glycerol and steam reacted over a calcium 
doped nickel/alumina catalyst, several other reactions were dominant to form the 
Figure 7.13: Illustration of calcium doped nickel-alumina surface activity from glycerol 
steam reforming reaction 
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intermediates on the catalyst surface and within the catalyst bed, apart from glycerol 
dehydrogenation to acetaldehyde. All of these intermediates were favoured to form at 
different reaction temperatures, even though using similar catalysts. At 400 
o
C, glycerol 
hydrogenolysis might become dominant, hence reactions on calcium surfaces were favoured. 
However, at a higher temperature, e.g. at 600 
o
C, steam reforming, water-gas shift reaction, 
and catalytic cracking were favoured over nickel surfaces, and reactions on alumina, although 
presented in our test, at all times it appeared to be less favourable in the presence of calcium, 
due to the possibility of Hi-FUEL using α-alumina as the support, instead of γ-alumina. The 
reaction on the acidic alumina surface might also be hindered due to the basicity of calcium, 
as claimed by Choong et al. and Elias et al. [7, 17].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7.7 Conclusion 
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In this chapter, a thorough investigation was carried out to study the effects of calcium 
promoted to nickel/alumina catalyst in glycerol steam reforming. Initially, a similar Ni/Al2O3 
catalyst was synthesised, denoted NiAl(S), and were tested using similar conditions with the 
previously tested NiAl(C). It was found that there were no significant differences in both the 
catalysts tested. Therefore, it is strongly proposed that the catalyst is valid for comparison.  
Nickel was left out in the next study, but calcium was impregnated on alumina, with different 
weight loading percentages. Similar conditions were used in the tests, as described earlier, 
and the study showed that alumina promoted dehydrogenation of glycerol to acetaldehyde 
production, while calcium promoted glycerol hydrogenolysis, and hydrogenation to acetone, 
methanol, ethylene glycol, propylene glycol, diethylene glycol, and some other components. 
While acetol and allyl alcohol were the dominant intermediates in homogeneous reaction and 
over the Hi-FUEL catalyst, it was found that acetol and allyl alcohol hydrogenated produced 
other intermediates. Glycerol also hydrogenated to propane, which was followed by cracking 
into ethane and ethylene.   
When different calcium loadings were impregnated into the Ni/Al2O3 catalyst and compared 
to NiAl(S) and Hi-FUEL, it can be observed that the nickel metal site enhanced the steam 
reforming process and catalytic cracking, which assisted all the intermediates to be converted 
into final products. A higher hydrogen yield was observed in comparison to NiAl(S), but 
additional calcium loading (higher than 7wt%) might produce a larger amount of CO, which 
was a result from the enhanced glycerol hydrogenolysis. An appropriate Ca/Ni weight 
loading ratio would need to be carefully selected in the future to optimise the hydrogen yield, 
as high Ca/Ni ratio would also reduce the hydrogen yield. The analysis of the finding also 
suggests that the Ni-Ca/Al2O3 catalyst is useful to be used as syn gas production catalyst. A 
reaction network on this type of catalyst is highly recommended for future investigation.  
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CHAPTER 8: COKE FORMATION STUDY AND ANALYSIS 
8.1 Introduction 
This chapter further examines the carbon produced from oxygenated hydrocarbon steam 
reforming by quantifying and analysing the types of carbon formed. The effect of varying 
relevant parameters from his particular reaction was also explored and a comparison was 
made. In addition, great interest has been shown in studying the effects of calcium doped on 
nickel/alumina catalyst and how it influences the formation of carbon within the reaction. The 
main carbon precursors for each condition was tested and the type of carbon produced were 
subsequently identified.  The concluding part of this chapter reviews the quantity and the type 
of carbon produced and deposited over the Hi-FUEL and the prepared calcium doped on 
nickel/alumina catalysts in comparison to a typical nickel/alumina catalyst. The reaction 
mechanism for coke production is also introduced and discussed. 
 
8.2 The Study of Carbon Deposition on Hi-FUEL Catalyst from Steam Reforming of 
Oxygenated Hydrocarbons 
In Chapter 5, the experimental results of ethanol to glycerol homologues steam reforming, 
consisting of mono-ol (ethanol), di-ol (ethylene glycol and propylene glycol) and tri-ol 
(glycerol) were highlighted and discussed. The selectivity of hydrogen, methane, CO and 
CO2 and CO/CO2 ratio from the steam reforming of these homologues were extensively 
reported and presented in the previous chapters, but not concerning the coke formation, hence 
this shall be thoroughly discussed in this chapter. Figures 8.1 (a) and (b) illustrate the carbon 
deposition over the Hi-FUEL catalyst and free carbon produced on ethanol to glycerol 
homologues steam reforming at 600
o
C over a 4-hour basis of operation. In addition, Figures 
8.2 (a) to (d) represent the FESEM images of the spent catalysts tested with these 
homologues at the respective conditions. A CHNS Analyser was used to quantify the carbon 
deposited on the Hi-FUEL catalyst. 
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Figure 8.1: (a) Carbon deposited and (b) free carbon on different oxygenate steam reforming 
at 600 
o
C over 1g Hi-FUEL 
Ethanol
Propylene
Glycol
Ethylene
Glycol
Glycerol
Carbon Deposited 0.0223 0.0149 0.0682 0.0355
0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
ca
rb
o
n
 d
e
p
o
si
te
d
 (
g)
 
(a) 
Ethanol
Propylene
Glycol
Ethylene
Glycol
Glycerol
Free Carbon 0.0878 0.5463 0.8235 0.5530
0.000
0.200
0.400
0.600
0.800
1.000
1.200
ca
rb
o
n
 d
e
p
o
si
te
d
 (
g)
 
(b) 
245 
 
 
A small amount of the spent catalyst (in mg) was combusted in the CHNS chamber at high 
temperature and the amount of carbon, hydrogen, nitrogen, and sulphur were identified via its 
detector. The CHNS Analyser can provide the weight percentage of carbon deposited on the 
catalyst surface. Nonetheless, free carbon is difficult to be quantified since in this set of 
reactions, the free carbons produced turned up as loose species, and might deposit on the 
quartz wool, silica carbide (the diluent) or the wall of the reactor.  The free carbon was 
therefore estimated by quantifying the total carbon produced within the reaction. The total 
carbon was estimated with the assumption that the total carbon balance was 100%, and the 
leftover was assumed to be carbon. The number of carbon atoms in carbon is always 1, the 
carbon molecular weight       is 12, and the duration of the operation hours was 4 hours. 
Therefore, the total carbon produced, TC, from homologue i undergoing steam reforming is 
as follows: 
(a)  (b)  
(c)  
 
(d)  
Figure 8.2: FESEM images of the spent Hi-FUEL catalyst for all oxygenated hydrocarbon 
steam reforming activities at 600 
o
C, 1 atm and 1 gram catalyst loading – (a) Ethanol, (b) 
Ethylene Glycol, (c) Propylene Glycol and (d) Glycerol 
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[
                              
                           
                                                    ]                                 (8.1) 
Therefore, free carbon (FC) can be determined by subtracting the TC with the amount of 
carbon deposited on the catalyst surface as pre-determined earlier using the CHNS Analyser.  
                                                                          (8.2)                 
As discussed earlier in Chapter 5, and with reference to Figure 8.1(a), it can be suggested that 
the steam reforming reaction of ethylene glycol over the Hi-FUEL catalyst yielded the 
highest amount of coke deposited on the catalyst surface, followed by glycerol, while the 
least were propylene glycol and ethanol. Since these reactants belong to the same series of 
homologues, it was expected that the reaction path of carbon formation would be similar to 
each other depending on the catalyst loading (hence the space-time). However, based on the 
observation from Figures 8.2 (a) to (d), the structure of carbon deposited, as illustrated by the 
images obtained from FESEM, suggested that the coke deposited on ethylene glycol 
reforming at 600 
o
C had an amorphous structure, whilst for the other reactants, the coke 
deposited had a tendency to be more crystalline in nature. Hu and Lu [1], in their study, 
discovered that ethylene glycol could easily be decomposed to ethylene and CO. In addition, 
ethylene is a significant carbon precursor due to its tendency to polymerize. The 
polymerisation of ethylene would lead to the formation of a whisker and encapsulating 
carbon that will block the active metal, and, thus, damage the catalyst structure [2]. Since 
amorphous carbon was formed, ethylene may not be a strong precursor in coke formation in 
ethylene glycol reforming. This is left to CO as CH4 at 600 
o
C only appeared as traces; this 
can be referred to in section 5.3.2. It is also interesting to note that even though propylene 
glycol steam reforming had the least carbon deposited on its catalyst surface, it produced 
large amounts of free carbon of which the carbon precursor was not identified and the 
reaction pathway needed to be investigated further. 
Table 8.1 depicts the total carbon balance in gas and liquid phases for each oxygenate. The 
total carbon based on the estimation, carbon deposited, and free carbon for each species at  
600 
o
C reaction temperature and 1 atm pressure was subject to ± 10 % error. It can be 
observed that other than the spent Hi-FUEL catalyst obtained from the ethanol steam 
reforming activity, the percentage of carbon deposited with respect to the total carbon 
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produced (
 
 
) was very low. This suggests that many of the carbons produced ended up being 
deposited elsewhere in the system, hence making it difficult to be analysed and quantified. 
Homologue 
CO 
Selectivity 
(%) 
Carbon 
balance 
(%) 
(liquid & 
gas phase) 
Total 
carbon 
produced 
(g) 
Carbon 
deposited 
on 
surface 
(g) 
Free 
carbon 
produced 
(g) 
 
 
 
      
    
a b (a-b) 
Ethanol 28.7 94.9 0.13 0.045 0.09 33.7 
Propylene 
Glycol 
40.4 81.3 0.58 0.030 0.55 5.2 
Ethylene Glycol 22.2 65.0 0.96 0.137 0.82 14.2 
Glycerol 35.3 80.4 0.62 0.071 0.55 11.4 
Table 8.1: The relationship between the total carbon produced, carbon deposited and free 
carbon on all oxygenates, produced by steam reforming over Hi-FUEL 
The excess amounts of CO produced during the reaction caused a disproportion, which also 
led to the production of carbon. Such a reaction is an example of the Bouduard reaction and 
Le Chatelier’s Principle, of which the excess concentration on one side will favour the 
production of the other side of the stoichiometric equation with the least concentration. By 
referring to Table 8.1, all oxygenates produced large amounts of CO at 600 
o
C over the Hi-
FUEL catalyst. An equivalent finding with Ca doped NiAl tested on acetol steam reforming 
was conducted by Medrano et al. [3]. Numerous reports like Cheng et al. and Sanchez et al. 
[4, 5] confirmed that in applying the exact same temperature and similar conditions, but with 
the use of other types of catalyst, the CO produced was much lower than that discovered in 
this particular doctoral research. The Bouduard reaction can be expressed as follows: 
                             (8.3) 
There are also two other reactions that may lead to coke formation at this temperature, i.e. via 
CO and CO2 hydrogenation; however, this is not the case in this particular study since the 
steam was supplied in excess, hence a reversible reaction occurred.  
CO hydrogenation:                                                    (8.4) 
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CO2 hydrogenation:                                                  (8.5) 
It is important to highlight that there are some limitations to the hypotheses that were 
discussed earlier. The assumption that the leftover balance was carbon in its form may not be 
entirely 100% accurate since the analytical equipment to measure the liquid and gas samples 
was an offline method, and, consequently, some liquid might escape during sample 
preparation prior to the GC analysis. In addition, there was no TOS experiment for every 
single homologue to justify the behaviour of the carbon formed on the catalyst surface for 
each oxygenate. TOS is important as it indicates if any deactivation took place as a result of 
the carbon formation. It is important to note that some of the carbons formed may also be 
eliminated within the reaction since it was a prevailing type of carbon that was formed in the 
first place. The carbon elimination could occur following the reversible reactions, as shown 
earlier in equations 8.3, 8.4 and 8.5[1]. 
 
8.3 Coke Analysis for Ethanol Steam Reforming over Hi-FUEL catalyst 
Figure 8.3 illustrates the amount of carbon deposited, as quantified using the CHNS Analyser 
on Hi-FUEL catalysts via ethanol steam reforming at 600
o
C during a 4-hour reaction. 
 
Figure 8.3: Carbon deposited (g) on the spent Hi-FUEL catalyst of ethanol steam reforming 
at 600 
o
C of steam to a fuel ratio of 6.5:1 as analysed using a CHNS Analyser 
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At the space-time of 0.02 hours, the carbon deposition on the catalyst surface was low due to 
two possibilities: i) the formation of large amounts of free carbon that did not deposit on the 
surface of the catalyst and/or ii) there was a formation of other intermediates prior to the 
production of carbons. Both hypotheses may be true and may occur at the same time for 
which at τ = 0.06 hours, there was an increment of carbon deposited on the catalyst. This 
suggests that other than the free carbon, the carbon may be produced via a catalytic reaction 
due to a sufficient amount of catalyst that enables its deposition. However, at a longer space-
time (hence higher catalyst loading), there is a significant reduction of carbon deposition. 
The FESEM image, as depicted in Figure 8.2 (a) revealed that the type of carbon deposited 
was more crystalline in nature. According to Mezalira et al. [6], carbon nanofibres (CNF) on 
nickel were formed at 500 
o
C, whilst carbon nanotubes (CNT) were formed at 700 
o
C.  
Therefore, at the reaction temperature of 600 
o
C, it can be shown here that a combination of 
nanofibres and nanotubes were formed. The production of crystalline carbons is usually 
related to the decomposition of methane to hydrogen and carbon rather than other possible 
reaction paths. This has been investigated by several researchers using a nickel catalyst [7-
12]. 
The production of filamentous carbon was reported to be a prevailing carbon that would not 
deactivate the catalyst [13], and it was reported that the production of filamentous carbon 
enhanced the catalytic performance [14]. This is discussed in detail with the findings made on 
glycerol steam reforming in section 8.4. 
The carbon formation and deposition on the catalyst surface were investigated further by 
comparing the amount of carbon deposed and the amount of free carbon produced in two 
homologues: ethanol and propylene glycol at two different temperatures, i.e. at 500 and 600 
o
C, respectively. Figures 8.4 (a) and (b) depict the total carbon deposited and free carbon 
produced at the respective temperatures for both the homologues. 
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Figure 8.4: (a) The carbon deposition on the Hi-FUEL spent catalyst and (b) free carbon 
produced from ethanol and propylene glycol steam reforming at 500 and 600 
o
C with  
1g catalyst loading 
With reference to Figures 8.4 (a) and (b), it can be agreed that for both homologues, the 
production of carbon at 500 
o
C was higher than the carbon formation at 600 
o
C. This is 
mainly due to the thermodynamic properties of the reactions at 500 
o
C, where it had a 
tendency to eliminate the CO via the water gas shift reaction, which was very active at this 
temperature. Thus, the CO may also be eliminated via carbon production, as described earlier 
in equation 8.3, via the Bouduard reaction. The presence of methane at 500 
o
C was also high 
in both oxygenates. Consequently, methane may significantly decompose into carbon and 
hydrogen under the catalytic reaction, following equation 8.6, and this may become the main 
coke precursor at this temperature. Equation 8.6 is shown as follows: 
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                            (8.6) 
This finding corresponds with Mezalira et al. [6] in which the high nickel loading favoured 
methane decomposition to carbon at 500 
o
C, and produced nanofibres. Ethanol steam 
reforming over the Hi-FUEL was more catalytically active than propylene glycol steam in the 
reforming of a similar catalyst. Hence, as shown in Figure 8.5 (a), more carbon was deposited 
on the spent Hi-FUEL catalyst from the ethanol steam reforming than from the propylene 
glycol steam reforming activity. 
 
8.4 Glycerol Steam Reforming over the Hi-FUEL catalyst at 400 and 600 
o
C 
One of the main objectives in this chapter is to analyse and discuss the carbon formation on 
the Hi-FUEL catalyst with reference to the steam reforming of glycerol. At two differing 
temperatures and five data points at different space-times, the trend of carbon formation and 
deposition on Hi-FUEL catalysts were varied, as illustrated in Figures 8.5 (a) and (b). 
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Figure 8.5: (a) Carbon deposition (g) on the Hi-FUEL spent catalyst and (b) Free carbon 
formed from glycerol steam reforming activity at 400 and 600 
o
C 
At 400 
o
C, the carbon deposition on the catalyst surface increased with time. The longer the 
space-time (hence higher catalyst loading), the more the catalyst was deposited on the 
surface. However, by observing the free carbon formation at this temperature, the amount of 
free carbon that was produced had reduced significantly. At 600 
o
C, a different pattern was 
observed on the carbon deposition on the catalyst surface of which at low space-time, the 
amount deposited was low. This was followed by an increase to the maximum at τ = 0.048 
hours and a decrease in amount as the space-time extended. The amounts of the free carbon 
also displayed similar trend. It was observed that at a very low space-time, the amounts of the 
free carbon and deposited carbon were low at both temperatures, suggesting that there were 
some carbon precursors produced prior to the carbon formation, and, therefore, coke 
formation may largely be governed by catalytic reactions. 
As space-time approached τ = 0.1 hours, the carbon deposited on the Hi-FUEL at 400 and 
600 
o
C indicated a significant gap in which, at 400 
o
C, the carbon deposited on the surface 
was at the highest, whereas at 600 
o
C, the carbon deposited was significantly less. 
Nonetheless, the free carbon produced at both temperatures revealed a decreasing trend.  
Therefore, a thermogravimetric analyser (TGA) test with airflow at 40 ml/min was also 
conducted at both temperatures to verify the possibility of different types of carbon being 
deposited on the catalyst surface, which may result from the different coke precursors or 
routes. Approximately 5 to 8 milligrams of spent catalysts were mounted in the TGA 
chamber. The TGA (Perkin Elmer, Pyris 1) was initially set at an isothermal condition of 50 
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o
C for 15 minutes, and, later, the samples were heated from 50 to 900 
o
C at the heating rate of  
10 
o
C/min. Once the chamber’s temperature reached 900 oC, the samples were maintained at 
this temperature for approximately 30 minutes prior to cooling down.  
 
Figure 8.6: The TGA derivative plot (dw/dT) of the spent Hi-FUEL catalysts at different 
glycerol steam reforming reaction temperatures 
Figure 8.6 depicts the TGA derivative weight loss plot (dw/dT) of the spent Hi-FUEL 
catalysts at different glycerol steam reforming reaction temperatures, i.e.  at 400 
o
C and 600 
o
C, respectively. For the sample at 400 
o
C, the carbon deposited on the Hi-FUEL began to 
decompose at a temperature above 400 
o
C in the TGA, while for the sample at 600 
o
C, the 
spent catalyst only began to reduce its weight above 500 
o
C.  This implies that different types 
of carbon may be deposited on the catalyst at different reaction temperatures. As reported by 
Choong et al. [15], the coke that was decomposed in the TGA below 500 
o
C belonged to an 
amorphous carbon, whilst above this temperature, it represented a crystalline carbon. This is 
further supported by Cheng and Dupont [16] who demonstrated that the carbonaceous 
materials on Ni/Al2O3 catalyst can be deposited on the active metal in the form of 
polyaromatic compounds or on the support in the form of pseudo-graphitic structure. The 
former can be easily burnt at a lower temperature.  
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This hypothesis is further proven by analysing the spent catalyst via TEM and FESEM. For 
the sake of clarity and better comparison, the samples chosen for both temperatures were at 
the highest space-time tested, i.e. with the catalyst loading of 500mg each. The TEM images 
are shown in Figures 8.7 (a) and (b) for the samples representing a reaction temperature at 
400 and 600 
o
C, respectively. The FESEM images are shown in Figures 8.8 (a) and (b) using 
similar representation.  
(a) 
 
 
 
 
 
 
 
 
(b) 
 
(c) 
 
(d)  
 
Figure 8.7: TEM images of the spent Hi-FUEL catalyst of 500mg tested on glycerol steam 
reforming at (a) 1: 20nm (b) 1:100nm  for 400 
o
C; (c) 1:200nm (d) 1:100nm for 600 
o
C at 
different scale 
(a) (b) 
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Figure 8.8: FESEM images of the spent Hi-FUEL catalyst of 500mg (τ = 0.0954 hour), tested 
on glycerol steam reforming at (a) 400 
o
C (b) 600 
o
C 
The TEM images on the spent Hi-FUEL catalyst from Figures 8.7 (a) and (b) suggested that 
although it was difficult to locate the crystalline carbons that were formed at 400 
o
C, this 
happened otherwise at 600 
o
C, as shown in Figures 8.7 (c) and (d), where large filamentous 
carbon grew on the catalyst surface. FESEM images from Figures 8.8 (a) and (b) additionally 
indicated that the crystalline carbons emerged at an early stage at 400 
o
C, whilst at 600 
o
C, 
these were fully developed. 
The plot, as shown in Figure 8.6, however, poses several limitations that could not be verified 
here due to the absence of XRD analysis of the spent catalysts. It could not be demonstrated 
exactly if the actual mass loss was solely from the carbon’s combustion or some other 
reaction that may have taken place within the TGA chamber. Since the samples were burnt 
off in the presence of air, it could not be verified exactly if any re-oxidation of nickel took 
place to NiO, as it was expected that oxidation occurred. The possible reason is that the mass 
loss recorded is a compound effect of the following reactions: 
    
 
 
        (mass gain)                (8.7) 
              (mass loss)                (8.8) 
   
 
 
       (mass loss)                (8.9) 
           (mass loss)              (8.10) 
             (mass loss)              (8.11) 
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              (mass loss)              (8.12) 
The TGA weight loss final percentage obtained at 900 
o
C, i.e. upon completion of the 
combustion, as shown in Figure 8.9 (a), was further compared with the weight percentage of 
carbon obtained from the CHNS Analyser, as depicted in Figure 8.9 (b). It can be verified 
that the final weight loss obtained from the TGA was similar to the percentage of carbon 
burnt from CHNS, especially for the sample tested at 400
o
C. Nonetheless, the reaction, as 
shown in equation 8.7, is not to be ignored as it might still occur; however, it is not possible 
to due to the lack of XRD information.  
 
 
Figure 8.9: The final weight loss from the TGA plot and the carbon content via CHNS 
Analyser of the spent Hi-FUEL catalyst, tested at 400 and 600 
o
C. 
It is important to understand how a different reaction temperature led to different types of 
carbon production, and, hence, the reaction can be postulated. The carbon precursors, such as 
CO, CH4, C2H4, and C2H6, from both reaction sets were analysed to postulate which carbon 
precursor was dominant at a certain reaction temperature; these are plotted as Figures 8.10 (a) 
for CO and 8.10 (b) for CH4, C2H4, and C2H6.  
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(a) 
 
(b) 
Figure 8.10: Carbon yield from Steam Reforming of Glycerol over the Hi-FUEL catalyst at 
400 and 600 
o
C, (a) CO and (b) CH4, C2H4 and C2H6 
By analysing the carbon yield of the outlet gas, the production of CO at 400 
o
C had a similar 
trend with the carbon deposited using the exact reaction set. Due to the disproportion of CO, 
which was in excess at this temperature, CO may react with hydrogen to produce carbon and 
water and/or some CO may undergo the Bouduard reaction, which was then converted into 
carbon and CO2. This corresponds with earlier findings, as discussed in Chapter 6, for which 
at 400 
o
C, hydrogenolysis reaction was dominant. As discussed in Chapter 6, most of the 
secondary and tertiary products synthesised resulted from hydrogenolysis and hydrogenation. 
The increased amounts of methane and the reduction of free carbon at a higher space-time for 
both temperatures might also result from the reversible reaction of methane decomposition. 
This suggests that at a low catalyst loading (low space-time), the free carbon may be 
produced from methane decomposition, which did not occur on the catalytic surface; 
however, as the catalyst loading increased, there was a sufficient surface area for the reverse 
reaction of methane decomposition, and, hence, the coke reacted with hydrogen to produce 
methane. 
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Section 6.5 of Chapter 6 on the effects of adding external hydrogen on glycerol steam 
reforming at 400 
o
C over Hi-FUEL catalyst is further discussed in this section.  The coke 
deposited on the catalyst was also analysed using the CHNS Analyser. It was found that the 
carbon deposited on the Hi-FUEL catalyst in the presence of external hydrogen increased 
from 0.023 g to 0.034 g, and it was found earlier that CO was significantly reduced with the 
increased CH4. This proves that the main precursor in coke formation at 400 
o
C was CO, 
which promoted amorphous carbon. 
Ethylene and ethane productions indicated an increasing trend at 400 
o
C, as a result of 
hydrogenation, as discussed earlier in the two previous chapters; conversely this forms an 
opposite scenario at 600 
o
C. Although these precursors may lead to coke formation, this may 
be offset, predominantly by carbon gasification, however, the total carbon produced 
decreased at a longer space-time. At 600 
o
C, ethylene and CO were postulated to become the 
precursor of carbon production, and, therefore, the reduction of ethylene and CO due to 
catalytic reaction, reduced the production of free carbon and deposited carbon as the space-
time significantly increased.  
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8.5 Coke Study on Glycerol Steam Reforming over the Hi-FUEL at various 
temperatures 
 
Figure 8.11: Carbon deposited and free carbon produced from glycerol steam reforming over 
the Hi-FUEL catalyst of 1 g loading at various reaction temperatures 
 
Figure 8.11 demonstrates the free carbon and total carbon deposited on 
the spent Hi-FUEL catalyst surface (space-time of 0.095 hour) at various temperatures of 
glycerol steam reforming. The amount of free carbon produced was lower at 400 
o
C than at 
500 and 600 
o
C since some intermediates in the aqueous phase were still present at this 
temperature and respective space-time (with total carbon balance in aqueous phase of 
approximately 6.5 ± 0.5 %). However, at 500 
o
C and above, the aqueous phase intermediates 
were mere traces (aqueous phase carbon balance <0. 1%) at a similar space-time. The carbon 
deposited showed a decreasing pattern as the temperature increased. At 500 
o
C, most of the 
CO was converted into CO2 via water gas shift reaction and the CO may similarly act as a 
carbon precursor for coke production. However, the carbon may also react with hydrogen to 
produce methane, of which at 500 
o
C, the methane carbon yield was the highest amongst all 
the temperatures tested, i.e. 20.0%. This finding is related to the previous findings, as 
discussed in section 8.1, relating to ethanol and propylene glycol steam reforming at 500 
o
C. 
The images of the surfaces of the spent catalysts were compared using FESEM. Figures 8.12 
(a) – (d) illustrate the surfaces of the spent catalysts from 400 to 700 oC, respectively, with a 
similar scaling ratio of 1:100nm. The first three images used the In Lens signal at 700 
o
C 
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(Figure 8.12 (d)).  The signal was set at SE2 due to the high charging effect. It was found that 
the carbon deposited on the spent catalyst at 500 
o
C had already developed as filamentous 
carbon. At 600 
o
C, the filaments grew thicker but the amount of coke deposited was 
significantly less than at 500 
o
C. However, at 700 
o
C, it could be observed that the reversed 
Bouduard reaction was favoured, and, therefore, CO2 reacted with carbon to produce large 
amounts of CO (28.4% carbon yield), which, ultimately, suggested that only a few leftover 
carbons were deposited on the surface of the catalyst.   
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
 
Figure 8.12: FESEM images of the spent Hi-FUEL catalyst on different glycerol steam 
reforming reaction temperatures: (a) 400 
o
C, (b) 500 
o
C, (c) 600 
o
C, (d) 700 
o
C 
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8.6 Carbon Formation at Elevated Steam Partial Pressure 
As elaborated upon in Chapter 6, steam reforming of glycerol was conducted at three 
different steam to fuel (S/F) ratios, and glycerol was fixed at 0.022 mol/hour, equivalent to a 
partial pressure of 2.2 kPa. The steam supplied varied accordingly (S/F of 8.1, 12.1 and 20.2) 
and was represented in terms of partial pressure.  
 
Figure 8.13: Effect of steam partial pressure/kPa of glycerol steam reforming over the Hi-
FUEL catalyst at 600 
o
C to the total, free and deposited carbon on the spent catalyst 
 
Figure 8.13 depicts the total carbon produced, free carbon, and deposited carbon on the spent 
Hi-FUEL by varying the steam partial pressure. The CHNS Analyser was used to quantify 
the percentage of carbon deposited on the surface of the catalyst, while free carbon was 
estimated using a similar method, as discussed in section 8.2. It is interesting to note that, to a 
certain extent, the addition of steam increased the amount of carbon deposited on the catalyst 
surface, and, at the same time, reduced the production of free carbon. Carbon deposition may 
result from the Bouduard reaction as the CO yield significantly reduced with the increasing 
yield of carbon deposited and CO2. Accordingly, it was proposed that the production of the 
coke was due to the increased catalytic activity. During higher steam partial pressure 
experiment, the reduction of free carbon and carbon deposited was proposed to result from 
coke gasification activity, which yielded greater amounts of CO2 with an increasing steam 
partial pressure: 
                               (8.13) 
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8.7 Comparison on coke deposition between Ni/Al2O3 and Ni-Ca/Al2O3 catalysts 
Figure 8.14 depicts the carbon weight (%) obtained from the CHNS Analyser using two 
different commercial catalysts (Hi-FUEL and NiAl(C)) with two catalyst loadings at 600 
o
C.  
In addition, Figure 8.15 depicts the free carbon produced for both catalysts at respective 
loadings. 
 
Figure 8.14: The amount of carbon deposited (weight %) as analysed using the CHNS 
Analyser 
 
 
Figure 8.15: Free carbon produced (mol/hour) for Hi-FUEL and NiAl(C) at  
two catalyst loadings 
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Figure 8.16: The TGA derivative plot (dW/dT) of the spent Hi-FUEL catalyst and the 
NiAl(C) tested to glycerol steam reforming at 600 
o
C and 1 atm. 
The findings from CHNS revealed that at low catalyst loading (150 mg), the carbon 
deposition on Hi-FUEL catalyst was greater than NiAl(C). This can be related to a higher 
production of CO over the Hi-FUEL at low catalyst loading in comparison to NiAl(C), as 
discussed in chapter 6. Therefore, CO was regarded as the main precursor for the carbon 
deposition at a low catalyst loading at this temperature for both catalysts. At a higher catalyst 
loading, however, less carbon was deposited on Hi-FUEL in comparison to NiAl(C). The 
production of free carbon for both catalysts was also compared, as presented in Figure 8.15. 
Free carbon, which was formed, followed a similar trend as carbon deposition and this 
strongly favoured CO as the main precursor for carbon production at 600 
o
C.   
Figure 8.16 depicts the TGA derivative plot (dW/dT) of the spent Hi-FUEL and NiAl(C), 
respectively. The findings demonstrated that there was a significant difference in the type of 
carbon deposited on the Hi-FUEL and NiAl(C) catalyst in which the carbon deposited on the 
Hi-FUEL catalyst was less than a typical commercially available nickel/alumina catalyst. In 
addition, it can be easily gasified for re-generation, as supported by Choong et al. [7]. 
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8.8 Comparison on carbon production for synthesised Ni/Al2O3 (NiAl(S)) and 
commercial Ni/Al2O3 (NiAl(C)) 
Catalysts Carbon Deposited (g) Free Carbon (g) Total Carbon Produced (g) 
NiAl(C) 0.076 0.83 0.90 
NiAl(S) 0.057 1.06 1.12 
Table 8.2: Comparison of carbon production between NiAl(C) and NiAl(S) 
Table 8.2 illustrates the comparison between two Ni/Al2O3 catalysts and it can be agreed that 
both catalysts are comparable with almost similar results. However, the greater amount of 
free carbon produced via NiAl(S) may result from the poorly impregnated nickel on the 
alumina, as can be observed from the TPR results in Chapter 4. 
 
8.9 The Effects of Calcium Variation on Carbon Production 
As highlighted in Chapter 7, by varying the calcium loading (3Ca, 7Ca and 9Ca), a plot 
consisting of total carbon was produced.  The free carbon and carbon deposited on the surface 
of the catalyst can be demonstrated, as shown in Figure 8.17. The first observation was made 
on the total carbon and free carbon produced based on the carbon balance estimation. The 
finding from the observation depicted a decreasing trend of carbon production with an 
increasing weigh percentage of calcium. This was compared against pure γ-alumina, which is 
denoted as 0 wt% of Ca. The impregnation of calcium on alumina was able to reduce the total 
carbon production and carbon deposition on the catalyst surface due to its basicity that may 
assist in neutralising the acidity of alumina. Nevertheless, Ca also promoted hydrogenolysis 
of the intermediates, as discussed in Chapter 7. While ethylene had been reported as the main 
precursor for carbon production in the presence of alumina, which turned into encapsulating 
carbon [17], it was postulated that in the presence of calcium, the carbon may be eliminated 
via coke gasification in the presence of excess steam into CO and H2. By increasing the 
calcium loading, carbon production was reduced and the CO flow increased.  
Analysis of the TEM images, as in Figures 8.18 (a) to (d), revealed no significant difference 
between the fresh catalyst of 3Ca (a) and 9Ca (b) and the respective spent catalysts (c) and 
(d). This is due to the possibility that large amounts of the carbon produced were of free 
carbon, and this particular type of carbon is easily gasified and eliminated. 
265 
 
 
Figure 8.17: Total carbon produced, free carbon and carbon deposited on xCa/Al2O3 from 
glycerol steam reforming at 600 
o
C 
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(c) Fresh9Ca 
 
(d) Spent 9Ca 
 
Figure 8.18: TEM images of fresh and the spent catalysts  
(a) Fresh 3Ca, (b) Spent 3Ca, (c) Fresh 9Ca, (d) Spent 9Ca 
 
8.9 Carbon Formation on Calcium Doped Nickel/Alumina  
Figure 8.19 below depicts the total carbon production from glycerol steam reforming over 
NiAl(S), 15Ni3Ca and 15Ni7Ca. Figure 8.20 portrays the derivative of the TGA (dW/dT) 
profile for different types of catalyst that underwent glycerol steam reforming at 600 
o
C. 
Finally, Figures 8.21(a) and (b) illustrate the TEM images for the spent 15Ni3Ca.  
It is interesting to note that the total carbon formed (free carbon and deposited carbon) was 
reduced significantly with increasing calcium loading, as demonstrated in Figure 8.19. This is 
based on the assumption that the leftover balance of liquid and gas phases were converted 
into carbon. In comparison to NiAl(S), carbon was deposited at an almost similar percentage 
(6-8 wt.%) to the 15Ni3Ca, as given by the CHNS Analyser.  
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Figure 8.19: Total carbon produced at different Ca doped to Ni/Al2O3 catalysts from glycerol 
steam reforming at 600 
o
C 
 
Figure 8.20: Derivative of TGA (dW/dT) profiles for different catalysts underwent glycerol 
steam reforming at 600 
o
C 
 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
0 1 2 3 4 5 6 7
To
ta
l c
ar
b
o
n
 p
ro
d
u
ce
d
 (
g)
 
15NixCa/Al2O3 
-0.005
-0.004
-0.003
-0.002
-0.001
0
0.001
0 100 200 300 400 500 600 700 800 900
d
W
/d
T 
Temperature / oC 
15Ni3Ca
Hi-FUEL
Al2O3
268 
 
 
(a) 
 
(b) 
Figure 8.21: TEM images of the 15Ni3Ca spent catalysts, (a) filamentous carbon formed at 
1:100nm, (b) filamentous carbon formed at 1:20nm 
 
By observing the TGA derivative plot of Hi-FUEL, 15Ni3Ca and Al2O3, as depicted in Figure 
8.20, and comparing it with Figure 8.16, with regards to NiAl(C), it could be suggested that 
by doping calcium into the Nickel/Alumina catalyst it was possible to reduce coke deposition. 
By using Al2O3 alone, a large amount of coke was deposited and the type of carbon formed 
was found to be an olefin type of coke [18], which resulted from the dehydration on the acid 
surface. However, with the presence of nickel, filamentous carbons were produced as agreed 
by several researchers [7, 13, 19, 20]. It has been reported that a larger nickel particle would 
lead to faster sintering [21] and coking rate [22]. The addition of calcium reduced the surface 
area of the catalyst, as discussed earlier in Chapter 4, and increased the nickel particle size 
[7]. Interestingly, Hi-FUEL, which contained 12 wt% Ca with the lowest surface area 
amongst other catalysts, tested had the least carbon deposited. The promotion of Ca on 
15Ni3Ca also resulted in less carbon deposition in comparison to NiAl(S) or NiAl(C) alone. 
It can be noted that with the increasing calcium loading, i.e. from 0 wt% (in NiAl(C)) to 3 
wt% (in 15Ni3Ca) to 12 wt% in the Hi-FUEL catalyst, the centre of the base shifted to the 
left and the dip was shallower. This indicated that the amount of crystalline carbon deposited 
on the catalyst was less and the carbon deposited could be easily gasified. There were two 
possibilities of coke reduction in the presence of calcium. This is validated by Choong et al. 
[7]: i) promotion of Ca would lead to amorphous carbon that can easily be gasified and ii) the 
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presence of alkaline metal promoted a large water adsorption site, and assisted in coke steam 
gasification. A similar result was expected for 15Ni7Ca. However, it must be mentioned that 
this analysis could not be conducted since this catalyst and some others (freshly calcined and 
spent) were ruined and unable to be salvaged due to an incident in the office. 
Figure 8.21 (a) and (b) illustrate the TEM images of the spent 15Ni3Ca. Analysis of the 
images revealed filamentous carbons being formed and there was a partially encapsulated Ni 
spotted on the surface. A TOS study is highly recommended for future studies on catalyst 
deactivation. 
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8.10 Conclusion 
Carbon production analysis was studied in detail for all the oxygenates that underwent steam 
reforming in all the perimeters tested. The following can be verified: 
i) Ethanol steam reforming over the Hi-FUEL yielded the least amount of carbon 
deposited among other oxygenates, whilst the largest amount of coke was 
produced from propylene glycol steam reforming. Ethylene glycol steam 
reforming mostly yielded an amorphous type of carbon in comparison to others, 
which favoured filamentous types of carbon. 
ii) The reaction temperature of steam reforming influenced the type of carbon 
formed, i.e. at 400 
o
C, more amorphous carbon was formed and at higher reaction 
temperatures, more filamentous carbons were produced. The main coke precursor 
in glycerol steam reforming at low temperature was CO, whilst at higher 
temperatures, CO and CH4 were the precursors. However, CH4 was not the main 
precursor for carbon formation on glycerol steam reforming over the Hi-FUEL, 
but the carbon production was governed by the CO disproportion, which led to the 
Bouduard reaction. CH4 decomposition to carbon and hydrogen was favourable at 
500 
o
C, and formed filamentous carbon on the catalyst surface, which can be 
observed from the glycerol steam reforming activities. 
iii) The carbon produced over the Hi-FUEL catalyst and other Ca doped Ni/Al2O3 
catalyst was of a defective type of carbon, which can be easily gasified. This is 
produced mainly from the catalytic activities rather than dehydration on the 
alumina surface, which corroborated other findings in that promoting Ca would 
reduce the coke formation, especially encapsulating carbon/olefin type of carbon. 
The presence of large amounts of water assisted in the gasification of the carbon 
formed. 
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CHAPTER 9: CONCLUSION, LIMITATIONS OF STUDIES AND 
RECOMMENDATIONS FOR FUTURE WORK 
9.1 General Conclusion 
Overall, what can be concluded and revealed from this doctoral research is that the steam 
reforming of the oxygenated hydrocarbons of the homologues investigated was found to be 
promising in producing a high yield of hydrogen over a commercial catalyst that is developed 
for natural gas steam reforming. Interestingly, analysis of the findings proposed an alternative 
and sustainable substitute to the current supply in the petrochemical industry for hydrogen 
production. Most importantly, the findings disclosed that there was no need to change the 
catalysts utilized for the steam reforming process. Therefore, this discovery provides a 
potential savings plan in the field of catalyst development. It is highly recommended that in 
the near future, these oxygenates may be co-fed with natural gas to yield either hydrogen rich 
gas or syn gas (CO and H2). This is mainly because such a method offers the following 
benefits: i) extending the shelf-life of natural gas and ii) providing internal energy from the 
oxygen atoms contained within the oxygenates molecule, hence enhancing the steam 
reforming reaction, which is energy intensive.  
It can also be proven that the steam reforming of glycerol over calcium doped nickel/alumina 
catalyst produced a high yield of hydrogen. The hydrogen produced was far greater than 
other similar reactions that used a nickel/alumina catalyst. However, it is vital to highlight 
here that the reforming and catalytic cracking reaction compete with hydrogenolysis and 
hydrogenation reactions. Although the hydrogenolysis reaction in glycerol reforming led to a 
higher CO yield, the catalyst reduced the overall amounts of carbon produced and carbon 
deposited on the catalyst, hence allowing a stable reaction without a significant sign of 
deactivation during long operation hours. In addition, using calcium doped nickel/alumina 
allowed the production of syn gas (CO and H2) at lower temperatures due to the domination 
of hydrogenolysis and hydrogenation at a low reaction temperature. The carbon produced on 
this catalyst surface was found to be a type of defective filamentous carbon at high 
temperature, and amorphous at a lower reaction temperature. Both types of carbons were 
easily gasified and re-generated and the formation of the encapsulating carbon resulting from 
the ethylene dehydration was successfully inhibited. 
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Moreover, the discovery of the complex glycerol intermediates prior to the production of 
final products is a breakthrough in glycerol reforming research, which has not been reported 
in any glycerol steam reforming studies to date. This finding leads to the concept of the 
integrated bio-refinery plant. Several models were proposed earlier by some prominent 
researchers who have viewed catalytic valorisation of glycerol from a different research 
perspective [1-6]. Further analysis of the findings revealed the presence of some value added 
chemicals, such as acetol, allyl alcohol, acrolein, ethylene glycol, propylene glycol, and 
methanol. Interestingly, these chemicals formed as intermediates of the glycerol reforming 
reaction with or without the presence of the catalyst in a varied distribution. This finding 
triggers the possibility to selectively produce the desired intermediates and add value to the 
overall process. For example, a biodiesel plant, which produces glycerol as its by-products 
can be further integrated with a glycerol reforming plant and the production of these valued 
added chemicals.  The findings derived from glycerol steam reforming over calcium doped 
nickel/alumina catalyst also widened the opportunity to investigate the ability of this catalyst 
on sugar-based hydrocarbons undergoing reforming, such as sorbitol and glucose. It is 
important to highlight here that the sugar-based and biomass derivative products undergo a 
thermal treatment, such as reforming, is the research trend nowadays [7-14]. 
Several conclusions can be drawn from the previous chapters concerning the steam reforming 
of oxygenated hydrocarbons. In addition, some recommendations and limitations are also 
mentioned in order to improve the scientific methods in obtaining the experimental results. 
Finally, recommendations for the future directions of this doctoral research are discussed and 
presented. 
 
9.1.1 Thermodynamic equilibrium study 
A thermodynamic equilibrium study using the Gibbs energy minimisation method was 
carried out using an Aspen-HYSYS simulator on four types of oxygenate (ethanol, ethylene 
glycol, propylene glycol, and glycerol), which are interrelated as a series of homologues. It 
was observed that for the oxygenate with CxHyOz chemical formula relating to monohydric or 
polyhydric alcohols, the ratio of oxygen to carbon (z/x) within the hydrocarbon molecule 
itself influenced the ability of the reaction to maintain its temperature at thermo neutral 
condition, as well as the CO/CO2 ratio and H2 selectivity. As for the steam reforming 
reaction, which was set in a similar steam to fuel ratio and reaction temperature, the 
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following hydrogen yield from the oxygenates involved can be ranked accordingly. This 
signifies the importance of the z/x ratio in that the lower the x value, the higher the hydrogen 
yield achieved: 
                                   
If the steam reforming was conducted at atmospheric pressure with a range of temperature 
from 500 to 700
o
C, the thermodynamic equilibrium study suggested that the higher the steam 
to fuel ratio, the higher the hydrogen yield that could be achieved, which was as expected 
from Le Chatelier’s principle. The comparison between auto thermal and steam reforming 
revealed that although the addition of air reduced the external heating requirement to 
maintain a similar reaction temperature, it lowered the hydrogen yield since the reaction 
could possibly be governed by partial oxidation.  
 
9.1.2 Oxygenated hydrocarbons suitability 
The testing of all four oxygenates using a similar catalyst loading and within a relatively high 
space-time, indicated that the thermodynamic equilibrium was attainable.  However, only 
ethanol and ethylene glycol steam reforming final products were comparable to the 
equilibrium value. Conversely, propylene glycol and glycerol steam reforming, even though 
they were tested at a slightly higher steam to fuel ratio due to the limitations of the syringe 
pump; the results did not give any value closer to the equilibrium. This was due to the 
presence of other reactions, such as hydrogenolysis and hydrogenation that utilised the 
hydrogen to produce other components. The propylene glycol and glycerol steam reforming, 
reaction therefore, may require a higher catalyst loading to achieve the equilibrium. It is 
highly recommended that more focus on ethylene glycol steam reforming be considered in 
the future since ethylene glycol yielded promising results with hydrogen yield, as high as 
89.4% at 600 
o
C. In addition, although not fully studied, the carbon deposited on the Hi-
FUEL spent catalyst from ethylene glycol steam reforming activity was of an amorphous 
type; hence, the re-generation of the catalyst would be easier. As for other oxygenates, the 
carbon formation was more crystalline (nano structured and filamentous carbons), which 
required a higher re-generation temperature.  
 
277 
 
9.1.3 Glycerol steam reforming over Hi-FUEL catalyst 
Glycerol steam reforming over the Hi-FUEL catalyst consists of complex multi-reactions, 
which involved thermal decomposition, dehydration, dehydrogenation, hydrogenolysis, and 
other gas phase reactions. During the blank tube experiment, the presence of inert material, 
such as quartz wool and silica carbide, influenced the reaction. Acetol, allyl alcohol, and 
condensation products were the main intermediates prior to reaching the catalyst surface and 
their formation varied according to the reaction temperature. At a higher temperature, more 
acetol and allyl alcohol were produced, while condensation products were reduced. Allyl 
alcohol production was suppressed in the presence of silica carbide (SiC) and SiC increased 
in dehydration activity. When different catalyst loadings were tested in two differing 
temperatures, the finding at 400 
o
C differed significantly with thermodynamic equilibrium 
value. At 600 
o
C, there was an increasing pattern of hydrogen yield towards the equilibrium, 
but the value was still ±15-20% lower than the equilibrium. It was found that the 
hydrogenolysis and hydrogenation consumed the hydrogen produced within the reaction. The 
addition of external hydrogen to the reactor at 400 
o
C indicated a domination of glycerol 
hydrogenolysis and hydrogenation on the catalyst surface.  
An optimum reaction temperature of glycerol steam reforming over Hi-FUEL was at 600 
o
C.  
At 400 
o
C, thermal decomposition and hydrogenolysis were dominant, whilst at 500 
o
C, the 
water-gas shift reaction was active, but did not produce high amounts of hydrogen, as 
compared to the reaction at 600 
o
C.  Although at 700 
o
C, high amounts of hydrogen could 
still be produced, CO production was dominant, due to the reverse Bouduard reaction, 
suggesting that above 700 
o
C, syngas production was desirable. The carbon deposited on the 
catalyst surface also reduced as the temperature increased. The addition of steam to the 
reaction improves CO2 selectivity due to water-gas shift reaction, but at the same time, this 
increased the amount of carbon deposited, due to the increased catalytic activity.  
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9.1.4 Hi-FUEL versus NiAl(C) 
Although both catalysts were nickel based and supported with alumina, there are significant 
differences in both the catalysts resulting from the presence of calcium as the promoter in the 
Hi-FUEL catalyst. Less catalytic reactions took place on the surface of NiAl(C); hence, at a 
low catalyst loading, a higher hydrogen yield could be achieved in comparison to Hi-FUEL. 
However, as space-time increased, the Hi-FUEL enhanced a higher H2 yield, which 
approached the desired equilibrium and there was not much change in hydrogen yield to 
NiAl(C). Calcium has been reported as a good CO2 sorption material, and thus provided an 
avenue for the active water-gas shift reaction for the reactants involved. It was also found that 
the coke deposition on the Hi-FUEL catalyst was lower than NiAl(C), suggesting that the 
presence of calcium inhibits the catalyst deactivation. The TOS study indicated that the 
catalyst was active and the products’ selectivity was not affected during long hours of 
operation. 
 
9.1.5 The influence of calcium doped on Ni/Al2O3 catalyst 
By varying the calcium loading with alumina, it can be confirmed that the promotion of 
calcium increased the tendency of hydrogenolysis reaction. The higher the calcium loading, 
the higher the production of CO. This explains the phenomenon that occurred over the Hi-
FUEL catalyst. Nickel allows the conversion of all intermediates produced from 
homogeneous reactions and the one produced on the calcium and the alumina surface 
matches that of the desired final products. Based on the coke analysis, it can be suggested that 
as the calcium loading increased, less coke was produced and deposited on the surface. This 
may result from the coke gasification reaction. The findings also indicate that it is only at an 
extended space-time that CO will eventually convert into CO2 at the respective reforming 
temperature via water-gas shift reaction, hence producing hydrogen that approaches the ideal 
equilibrium value. The ratio of Ca/Ni weight percentage also played an important role for 
further catalyst optimisation as a higher Ca/Ni ratio (> 0.5) may lead to higher formations of 
CO and the hydrogen produced may be utilised for hydrogenolysis. However, the carbon 
deposited would be lower as the Ca/Ni increased.  
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9.1.6 The coke deposition studies 
While coke deposition may result in catalyst deactivation, the carbon deposited on the Hi-
FUEL catalyst in this oxygenated hydrocarbons reforming did not affect the reaction and is 
considered as part of the catalytic activity. The basic site of the catalyst (calcium) reduced the 
formation of ethylene on the acidic site; hence hindering the encapsulating carbon formation. 
The formation of filamentous carbon, as well as amorphous carbon, in most of the tests can 
generally be re-generated easier than other types of carbons formed. The net carbon deposited 
on the Hi-FUEL surface was the lowest in comparison to all catalysts tested. It is claimed that 
calcium provides a large adsorption site for steam, hence allowing coke gasification to take 
place in-situ. 
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9.2 Limitations and Future Improvements 
9.2.1 Thermodynamic equilibrium study with coke formation analysis 
As discussed in Chapter 3, the thermodynamic equilibrium study conducted using Aspen-
HYSYS was not able to predict the carbon formation in the reaction. Therefore, the 
equilibrium data was not available for the comparative study on the experimental results on 
the coke formation. Therefore, it is highly recommended that the incorporation of carbon 
formation involving thermodynamic equilibrium be further studied for future research. 
9.2.2 Experimental Setup 
As discussed earlier in Chapter 4, the rig was not fully equipped with a sufficient amount of 
thermocouples. A few thermocouples were faulty after several tests and were not replaced 
immediately. Therefore, the gradient of the temperature of the bulk flow to the reactor bed 
could not be verified. Three thermocouples were required to measure the internal temperature 
of the bed, i.e. to measure at the top of the reactor, the centre of the reactor’s bed and the 
bottom part of the reactor. Several other thermocouples were required to measure the internal 
temperature of the heating tube lines. However, this did not affect the overall findings as 
from the unrecorded observation, the isothermality of the system was achieved throughout 
the rig during the experiments.  
9.2.3 Kinetic analysis regime 
Based on the experiments, five data points with a different weight hourly space velocity 
(WHSV)(hence different space-time) of Hi-FUEL catalyst were studied for ethanol steam 
reforming at 600 
o
C, and glycerol steam reforming at 400 and 600 
o
C, respectively. However, 
some of the tests were conducted at a longer space-time, hence almost approaching 
equilibrium. As a result, some of the intermediates were no longer there. These affected the 
kinetic analysis, as it could not be conducted properly with the formation of many 
assumptions. In addition, at least two more data sets were required for a complete analysis of 
glycerol steam reforming over the Hi-FUEL catalyst, i.e. five data points at 500 and 700 
o
C. 
It is also essential to conduct a study on the effects of varying glycerol partial pressure to a 
constant steam partial pressure, as this would fulfil the requirement of differential reactor 
methods in order to conduct the kinetic model study.  
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The intermediates discovered in glycerol steam reforming should also be tested on its own or 
with steam in the presence of the catalyst so that the series of the reactions could be defined 
and confirmed. As an example, acetol or ally alcohol should be tested with steam to evaluate 
if they would react to form hydrogen and CO2 straight away or if there were other 
intermediates formed prior to the formation of hydrogen. Identifying this would give an 
overall view of the whole reaction network in glycerol steam reforming over the Hi-FUEL 
catalyst. This will also enable the discovery of a sensible reaction rate coefficient and 
activation energy. The results can therefore be compared with the findings for the tests on the 
prepared catalysts.  
In order to verify some of the postulated reactions, such as hydrogenolysis, perturbation is, 
therefore, required. However, in the study, as highlighted in Chapter 6, the amount of 
external hydrogen supplied was quite high, and, therefore, an adjustment of the flow is 
required for a better analysis in the future. Furthermore, CO and CH4 may also be used to 
perturb the reaction to observe if other reactions take place in the presence of excess amounts 
of any of these gases.  
9.2.4 Limited tests of other catalysts 
Hi-FUEL was tested and compared against NiAl(C), 15Ni3Ca, and 15Ni7Ca. The tests were 
only conducted at 600 
o
C and the catalyst loading was quite high and close to the equilibrium. 
A lower catalyst loading would allow a better comparison of these catalysts. It was planned to 
compare these catalysts at a lower catalyst loading and at a lower reaction temperature, as 
well as test other prepared catalysts, such as 15Ni12Ca (12wt% of Calcium); however, due to 
some mishaps, these tests could not be carried out.  
TOS for other catalysts such as NiAl(C) and 15Ni7Ca is an important test to compare the 
stability of the catalysts. However, these were not carried out during the stipulated period. 
The coke analysis could not be properly carried out for the prepared calcium doped 
nickel/alumina catalyst since only the 15Ni3Ca underwent microanalysis using the CHNS 
Analyser and TGA. The 15Ni7Ca was not able to be tested because it was destroyed in an 
incident after the catalyst test. 
It is of great importance to note that the Hi-FUEL catalyst is either supported by α–alumina 
or calcium aluminate, CaAl2O4, while the compared catalysts were supported with γ–alumina. 
This can be observed from the total BET surface area, as discussed in chapter 4, of which  
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α–alumina or CaAl2O4 had a very low surface area, while the γ–alumina supported catalyst 
has a very high surface area [15].  As mentioned earlier γ–alumina may cause dehydration 
due to its acidity, but α–alumina or CaAl2O4 is yet to be discovered since the preparation of 
α–alumina or CaAl2O4 requires a much higher heating temperature, which may or may not 
have any effect on the reactants. The comparisons made in previous chapters only considered 
the presence and the absence of calcium, while it is actually important to consider the effects 
it may have on these two types of alumina in the reforming reaction. Similarly, the 
preparation method for the Hi-FUEL is probably different with the lab-synthesised catalysts, 
and, hence, is a limitation of the comparison.  
 
9.2.5 TGA and XRD limitation 
Due to the mishap that ruined several catalysts (fresh and spent), the amount of catalyst 
required for XRD analysis was not sufficient, hence it was not possible to obtain a good 
crystalline peak for the active metals on the fresh and the spent catalyst. Therefore, the TGA 
of the spent catalyst could not be explained as no evidence could be provided concerning 
whether there was any oxidation of Ni to NiO or any formation of CaCO3 over the catalyst.  
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9.3 Future work 
9.3.1 Extended study on kinetic analysis of glycerol steam reforming over Hi-FUEL 
This doctoral research work successfully provided a discovery of the intermediates present in 
the glycerol steam reforming reaction. This is an important finding, not yet reported to date in 
a specialised area concerning any type of catalyst nor homogeneous reaction. Glycerol 
vapour was susceptible to changes, such as changing reaction temperatures, the presence of 
inert (SiC, quartz wool), as well as the distance of tube length from the vaporiser to the 
catalyst bed. The production of acetol and allyl alcohol as intermediates at high temperature 
is yet to be explored. In addition, the sequence of the reactions needs to be validated since 
this particular study could only provide postulations, and the findings are mostly on glycerol 
valorisation studies conducted by other researchers.  
It is therefore strongly recommended that future research should incorporate more data points 
at different temperatures on glycerol steam reforming, testing the catalyst with the 
intermediates (e.g. acetaldehyde steam reforming, acetol steam reforming, and allyl alcohol 
steam reforming) and to disrupt the flow in the reactor with additional small amounts of 
gases, such as hydrogen, CO, CO2, CH4, C3H8, and C2H6 to identify which major reactions 
may occur within the catalyst bed. 
Analysis of the results indicates that it is important to calculate the rate coefficient and 
activation energy of the catalyst, conduct statistical tests and suggest an appropriate kinetic 
model of the catalytic activity on the Hi-FUEL surface.  
 
9.3.2 Extended study on comparison of Hi-FUEL with NiAl(C) and other prepared 
catalysts (15Ni3Ca, 15Ni7Ca) 
As discussed in Chapter 6, the CO gas selectivity from the glycerol reforming activity over 
Hi-FUEL at 400 
o
C was significantly different in comparison to the prediction made via the 
thermodynamic equilibrium study. It is believed that the outcome of the study was largely 
influenced by the doped calcium, which promoted hydrogenolysis. However, this could be 
strongly rectified by testing NiAl(C), 15Ni3Ca, and 15Ni7Ca at 400 
o
C, which was not 
possible to conduct earlier due to the time constraints. The pattern of CO production may be 
observed to confirm if increased calcium loading may also increase CO production at 400 
o
C. 
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The lack of TOS analysis of other catalysts constitutes another limitation of this doctoral 
research. It is highly suggested that two or more catalysts need to be tested, i.e. NiAl(C) and 
15Ni7Ca or 15Ni3Ca, in order  to compare the stability of the catalyst in the absence of 
calcium, at a small calcium loading, and when the calcium is in excess. Hypothetically, the 
presence of calcium will make the catalyst more stable in comparison to NiAl(C). However, 
15Ni7Ca or 15Ni3Ca might show earlier signs of deactivation since they were poorly 
impregnated in comparison to the commercial catalyst.  
 
9.3.3 Exploration of Group II doped to Nickel/Alumina catalyst on glycerol steam 
reforming 
Several previous researchers had conducted studies on reforming using group II metals, either 
as a promoter or a support due to its strong basicity. As discovered earlier, the presence of 
calcium in Hi-FUEL or the lab prepared Ni-Ca/Alumina catalyst reduced the coking 
tendency, as well as reduced the formation of ethylene that may be formed via dehydration on 
alumina site. It would be interesting to see if a similar or better finding could be made by 
promoting magnesium, strontium or barium to nickel/alumina on glycerol steam reforming, 
with the aim of discovering if the hydrogenolysis phenomenon would exist in other group II 
doped catalysts. Although a comparison has been made with Wang et al. [16], their work 
focused on equilibrium regime, and, thus, made it difficult to detect the intermediate species. 
In addition, it is believed that Wang et al. assumed that all intermediates were in an aqueous 
phase as glycerol, making the comparative study very limited. Since Group II elements are 
alkaline earth metals, the basicity of these metals is assumed to offset the acidity of alumina, 
and, hence, intrinsically control the formation of coke on the surface. The promotion of these 
metals may also possibly avoid the carbon encapsulation caused by ethylene polymerisation, 
which, similarly, could be performed by Hi-FUEL.  
It has also been proven that some previous researchers had conducted ethanol steam 
reforming [17, 18] with a Ni/Ca weight percentage ratio of equal or less than 1 (which means 
Ca/Ni ≥ 1). A similar study could be conducted using the initial hypothesis that glycerol and 
its intermediates may undergo hydrogenolysis, and, thus, requires an extended space-time 
(higher catalyst loading) to yield a higher hydrogen amount.  
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9.3.4 Comparisons of calcium doped on Ni/Al2O3 and noble metals 
Nowadays, many catalysts were developed from noble metals since noble metals provide 
higher products’ selectivity, greater yield and stability, but are more costly due to its rarity. 
Several prominent researchers conducted oxygenated hydrocarbons reforming over the noble 
metal catalysts and reported that greater yield and selectivity of hydrogen could be achieved, 
as well as a stable operation without deactivation during long operation hours [19-22]. 
Therefore, incorporation and optimisation of noble metals, such as Rh or Ru, to the present 
calcium doped nickel/alumina catalyst would create an interesting research work that is 
deemed worthy when it is compared to the current developed catalyst. It is hoped that without 
the presence of noble metals or only on a small percentage of this noble metal, the catalyst 
will be a superior catalyst in steam reforming and other reforming technologies.  
 
9.3.5 Comparison of Hi-FUEL with Ni/Al2O3 and the prepared catalysts on other 
oxygenates steam reforming 
Although there was an initial plan to compare the synthesised catalysts with Hi-FUEL in 
other oxygenates (ethylene glycol, ethanol and propylene glycol), it could not be done due to 
time constraints. This comparative study is important, as it is able to provide a different 
perspective, if calcium would behave similarly in other oxygenates like the glycerol steam 
reforming in terms of promoting hydrogenolysis and be an excellent CO2 sorption material. 
In the near future, this series of homologues should be tested with at least NiAl(C) and 
15Ni3Ca at low (<100mg) and high catalyst loadings (>250mg) for better comparison.  
 
9.3.6 Ethylene glycol steam reforming detailed study and analysis 
Ethylene glycol steam reforming, as tested over the Hi-FUEL catalyst, provided interesting 
raw data for further analyses and research. Apart from its requirement for a low catalyst 
loading to achieve high hydrogen yield, the carbon formation at 600 
o
C of reforming reaction 
is different in comparison to the other oxygenates tested, and, therefore, requires further 
insight. Ethylene glycol was studied earlier as a model compound for bio-oil reforming by 
several researchers, but the effects of calcium doped on nickel/alumina catalyst for this fuel is 
yet to be investigated. 
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9.3.7 Autothermal steam reforming of oxygenated hydrocarbons over calcium doped 
nickel/alumina catalyst 
A Thermodynamic equilibrium study was carried out in autothermal steam reforming of the 
homologues chosen, as discussed in Chapter 3. This study demonstrated that autothermal 
reforming with small injections of air may reduce the endothermicity of the reaction; hence, 
reducing the dependency of the overall reforming reaction to external heating. However, this 
would provide a lower hydrogen yield at equilibrium in comparison to the steam reforming 
reaction. The challenges of autothermal reforming would be a way to control the oxygen or 
air supplied to avoid complete combustion of the fuel.  
9.3.8 Aqueous phase reforming or supercritical water reforming of glycerol and glycerol 
hydrogenolysis for the production of value added chemicals over calcium doped 
Ni/Alumina catalyst 
While exploring the reaction pathway of glycerol steam reforming, many of the intermediates 
produced were of valuable chemicals. One of the routes to produce these chemicals at higher 
concentration is via aqueous phase reforming. Aqueous phase reforming is operated at 
relatively low temperature (150 – 400 oC) and higher pressure with the presence of water in 
excess. The review of aqueous phase reforming has been described in Chapter 2.  
Hi-FUEL and calcium doped Ni/Al2O3 may be used due to its basicity and therefore, could 
enhance the hydrogen production altogether with other aqueous phase oxygenated 
hydrocarbons. It was reported earlier that if the catalyst is acidic in nature, more alkanes, 
however, will be produced [23]. Another way of obtaining value added chemicals with this 
catalyst is via glycerol hydrogenolysis at a relatively higher operating pressure. It was  shown 
earlier in Chapter 6 that the Hi-FUEL catalyst is able to promote hydrogenolysis, yet the 
selectivity towards the intended chemicals should be studied extensively, especially in areas 
concerning optimum calcium and nickel loading and the reaction temperature and pressure.  
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APPENDIX 
1.0 Bond Enthalpies Table and Calculations 
Bond Standard Enthalpy at 25
o
C (kJ/mol) 
C-C 368 
C-H 414 
C-O 352 
O-H 465 
C=O (in CO2) 805 
H-H 436 
Table A.1: Bond enthalpy[1] 
Ethanol 
The steam reforming of ethanol and the energy required for the reforming to CO2 and H2 
is demonstrated as follows: 
                 
Reactant Side Product Side 
                      
                    
                    
                   
                     
                      
                     
TOTAL =  6045 kJ/mol TOTAL =  5836 kJ/mol 
ΔHf = 6045 – 5836 = 209 kJ/mol energy required 
Table A.2: Steam reforming of ethanol reaction enthalpy calculations at 298K 
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Ethylene Glycol 
                
Reactant Side Product Side 
                      
                    
                    
                  
                     
                      
                     
TOTAL =  5518 kJ/mol TOTAL =  5400 kJ/mol 
ΔHf = 5518 – 5400 = 118 kJ/mol energy required 
Table A.3: Steam reforming of ethylene glycol reaction enthalpy calculations at 
298K 
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Propylene Glycol 
                
Reactant Side Product Side 
                      
                    
                    
                  
                     
                      
                     
TOTAL =  8574 kJ/mol TOTAL =  8318 kJ/mol 
ΔHf = 8574 –8318 = 256 kJ/mol energy required 
Table A.4: Steam reforming of propylene glycol reaction enthalpy calculations at 
298K 
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Glycerol 
                
Reactant Side Product Side 
                     
                    
                     
                    
                     
                      
                     
TOTAL =  8047 kJ/mol TOTAL =  7882 kJ/mol 
ΔHf = 8047–7882 = 165 kJ/mol energy required 
Table A.4: Steam reforming of glycerol reaction enthalpy calculations at 298K 
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2.0 Mass Flow Controller (MFC) Calibration Results 
 
Figure A.1: Mass flow controller calibration curve for Hydrogen 
 
Figure A.2: Mass flow controller calibration curve for 10% CO in Argon 
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Figure A.3: Mass flow controller calibration curve for Nitrogen as carrier gas 
 
 
Figure A.4: Mass flow controller calibration curve for Nitrogen as purge gas 
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3.0 Syringe Pump Calibration 
 
Figure A.5: Syringe pump calibration curve for BD Plastipak 50-60 cm
3
 size 
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4.0 Oxygenated Hydrocarbons Steam Reforming Parameters 
4.1 Ethanol /Steam/Nitrogen Flow Setting 
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nH2O H2Ov573K 
N2 Flow Setting 
g/hr 
V
OL
% 
cm
3
/hr 
M
F
C
 
mol/
hr 
cm
3
/hr 
4 1.23 1.99 1.79 1.2 1.0 
-
19.0 1.00 3.2 1.61 1.61 0.09 3471.79 5.68 50 75.72 34.3 
5 1.54 2.49 2.24 1.5 2.0 29.2 1.99 6.5 3.21 3.21 0.18 6919.63 10.00 50 133.18 60.3 
9 2.78 4.47 4.03 2.8 3.0 7.8 2.99 9.7 4.82 4.82 0.27 10391.41 14.34 50 191.04 86.5 
vaporized ethanol volumetric flow rate  
 
1071.1 cm3/hr 
             mass flow rate  
    
1.27 g/hr 
             molar flow rate 
    
0.0276 mol/hr 
             (setting of syringe pump @1)  
  
1.61 cm
3
/hr 
              
Table A.6: Ethanol/steam/nitrogen flow setting 
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4.2 Ethylene Glycol/Steam/Nitrogen Flow Setting 
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nH2O H2Ov573K N2 Flow Setting 
cm
3
/hr cm
3
/hr mol/hr cm
3
/hr g/hr VOL% cm
3
/hr MFC 
3 0.97 1.56 1.40 1.0 1.0 3.2 1.00 3.1 1.6 1.61 0.09 4205.78 6.96 50.00 92.73 42.0 
5 1.62 2.60 2.34 1.6 2.0 23.5 1.99 6.2 3.2 3.21 0.18 8382.55 12.19 50.00 162.34 73.5 
8 2.58 4.16 3.75 2.6 3.0 15.9 2.99 9.3 4.8 4.82 0.27 12588.33 17.45 50.00 232.44 105.2 
vaporized EG volumetric flow rate 
 
1357.91 cm3/hr 
         mass flow rate 
   
1.79 g/hr 
         molar flow rate 
   
0.0289 mol/hr 
         (setting of syringe pump @1) 
  
1.61 cm3/hr 
          
Table A.7: Ethylene glycol/steam/nitrogen flow setting 
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4.3 Propylene Glycol/Steam/Nitrogen Flow Setting 
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nH2O H2Ov573K N2 Flow Setting 
cm
3
/hr cm
3
/hr mol/hr cm
3
/hr g/hr VOL% 
cm
3
/ 
min 
MFC 
4 0.98 1.58 1.42 1.0 1.0 1.9 1.00 4.1 1.6 1.61 0.09 4205.78 6.55 50.00 87.28 39.5 
7 1.72 2.77 2.49 1.7 2.0 16.1 1.99 8.1 3.2 3.21 0.18 8382.55 11.78 50.00 156.89 71.0 
11 2.70 4.35 3.91 2.7 3.0 10.9 2.99 12.2 4.8 4.82 0.27 12588.33 17.04 50.00 226.99 102.7 
vaporized PG volumetric flow rate 
 
1030.89 cm
3
/hr 
         mass flow rate 
   
1.67 g/hr 
         molar flow rate 
   
0.0219 mol/hr 
         (setting of syringe pump @ 3) 
  
1.61 cm
3
/hr 
          
Table A.8: Propylene glycol/steam/nitrogen flow setting 
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4.4 Glycerol/Steam/Nitrogen Flow Setting 
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 nH2O H2Ov673K N2 Flow Setting 
cm
3
/hr cm
3
/hr mol/hr cm
3
/hr g/hr VOL% cm
3
/hr cm
3
/hr 
7 1.73 2.78 2.50 1.7 2.0 15.4 1.99 8.1 3.2 3.21 0.18 9874.72 2.41 30.00 79.26 35.9 
12 2.96 4.77 4.29 3.0 3.0 1.1 2.99 12.1 4.8 4.82 0.27 14829.16 3.49 30.00 114.65 51.9 
20 4.93 7.95 7.15 4.9 5.0 1.2 4.99 20.2 8.0 8.04 0.45 24738.05 5.64 30.00 185.42 83.9 
                 vaporized glycerol volumetric flow rate 1221.33 cm
3
/hr 
mass flow rate 2.030 g/hr 
molar flow rate 0.0220 mol/hr 
(setting of syringe pump @ 3) 1.61 cm
3
/hr 
 
Table A.9: Glycerol/steam/nitrogen flow setting 
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5.0 Aqueous Phase Gas Chromatography (GC): Response Factor and Sample of Aqueous Phase Quantification Table 
 
Pentanol (internal std) 0.1395 g 
    
 
  
 
Retention Time 
(min) 
GC 
area 
Area Ratio 
 (area X/ 
area 
pentanol) 
Response Factor 
(gradient) 
Wt. 
Ratio 
  
Weight 
(g) 
Liq. Product 
Selectivity 
MW 
Molar 
Flow 
rate, ṅi 
mol/hou
r 
 
Total 
Carbo
n 
Atoms 
out 
(mol/ 
hour) 
  
Mass flow rate, 
ṁi 
mass/hour 
 
Acetaldehyde 1.37 19322.7 0.00500 1.96 0.0098 0.00136 0.007 44.05 0.0001 0.000 0.004 
Propionaldehyde 1.64 0 0.00000 2.96 0.0000 0.00000 0.000 58.08 0.0000 0.0000 0.000 
Acetone 1.7 4996.6 0.00129 1.46 0.0019 0.00026 0.001 58.08 0.0000 0.000 0.001 
Acrolein 1.9 17504.3 0.00453 1.87 0.0085 0.00118 0.006 58.08 0.0001 0.000 0.003 
Methanol 2.2 14170.8 0.00366 1.94 0.0071 0.00099 0.005 32.04 0.0001 0.000 0.003 
2-Propanol 2.4 0 0.00000 1.37 0.0000 0.00000 0.000 60.1 0.0000 0.0000 0.000 
Ethanol 3.1 6073.5 0.00157 1.44 0.0023 0.00032 0.002 46.07 0.0000 0.000 0.001 
Propanol 4.0 0 0.00000 1.20 0.0000 0.00000 0.000 60.1 0.0000 0.000 0.000 
Allyl Alcohol 5.3-5.4 
450223.
6 
0.11639 1.00 0.1164 0.01624 0.081 58.08 0.0010 0.003 0.048 
Butanol 5.8 0 0.00000 1.10 0.0000 0.00000 0.000 74.12 0.0000 0.000 0.000 
Pentanol 7.7 
386827
5 
1.00000 1.00 1.0000 
 
0.000 
 
0.0000 
 
0.000 
Acetol 8.6 
232633.
8 
0.06014 2.16 0.1299 0.01812 0.090 74.08 0.0007 0.0022 0.054 
Acetic acid 10.8 22655.4 0.00586 2.68 0.0157 0.00219 0.011 60.05 0.0001 0.0002 0.006 
Propionic acid 12.1 17780.2 0.00460 2.22 0.0102 0.00142 0.007 74.08 0.0001 0.000 0.004 
Propylene Glycol 13.4 8308.8 0.00215 1.57 0.0034 0.00047 0.002 76 0.0000 0.000 0.001 
Ethylene Glycol 13.9 31575.7 0.00816 3.22 0.0263 0.00367 0.018 62 0.0002 0.000 0.011 
Butyric Acid 14.5 44696.8 0.01155 2.04 0.0236 0.00329 0.016 88.11 0.0001 0.001 0.010 
Diethylene Glycol 18.6-18.9 4556.7 0.00118 1.85 0.0022 0.00030 0.002 
106.1
2 
0.0000 0.0000 0.001 
Condensation Products & Free 
Radicals 
(Mix) 
136593
2 
0.35311 3.00 1.0593 0.14778 0.736 92.09 0.0047 0.024 0.436 
Glycerol 23.5 57258.5 0.01480 2.30 0.0340 0.00475 0.000 92.09 0.0002 0.000 0.014 
      
Total 0.99 
 
0.0075 0.032 0.603 
Table A.10: Example of aqueous phase detection of glycerol steam reforming over Hi-FUEL (50mg Hi-FUEL),  
WHSV = 104.8 gflow/gcatalyst hour 
6.0 Gas Phase GC Detection: Retention Time and Quantification Table 
302 
 
Table A.11: Example of outlet gas quantification of glycerol steam reforming over Hi-FUEL (50mg Hi-FUEL),  
WHSV = 104.8 gflow/gcatalyst hour 
 
 
 
6.0 Aspen-HYSYS studies of allyl alcohol production via glycerol and acrolein 
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    Sample injected   1 ml 
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C
i n
) 
x
 1
0
0
 
to
ta
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(1
0
0
-C
b
) 
CH4 4.05 62.8 4.08 74.8 68.8 895770x 7.7E
-05 
1.62 5825.6 
0.0007 0.451 0.0003 1.84E-05 0.0060 
 
1.84 0.0008 
0.0661 0.001 98.45 1.54 
CO 2.14 119.2 2.12 98.1 108.7 101069x 0.00107 0.0011 6.314 0.0072 0.0002 0.0846 0.3619 25.8 0.0117 
CO2 8.25 1389.9 8.29 1353.6 1371.8 461810x 0.00297 0.0019 17.45 0.0344 0.0007 0.2340  
71.3 0.0323 
H2 0.86 19729.4 0.86 14124.3 16926.9 1974876 x 0.00857 8.99E
-05 50.34 0.0045 0.0020 0.6752 
 
1.3 0.0933 
O2 1.66 496.1 1.70 1341.4 918.8 112443x 0.00817  
GC2  
 
CH4 4.03 1411.5      
0.0007 0.451 0.0003 1.84E-05 
  
1.84 
 
C2H6 4.19 58.7      
0.0012 0.018 2.4E-5 8.01E-07 
  
0.080 
 
C2H4 4.28 41.5      
0.0012 0.013 1.5E-5 5.58E-07 
  
0.056 
 
C3H8 4.65 11      
0.0020 0.004 7.0E-6 1.60E-07 
  
0.016 
 
C3H6 5.12 630.1      
0.0018 0.201 0.0004 8.68E-06 
  
0.040 
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Figure A.6: Aspen-HYSYS simulation layout using Gibbs reactor 
Inlet Feed Ratio H2O: Glycerol: H2 (8:1:0.1) H2O:Glycerol:H2 (8:1:0) Acrolein:H2O (8:1) Acrolein:H2 (1:0.1) Acetol:H2O (8:1) 
Stream In Out In Out In Out In Out In Out 
Vapour Fraction 1 1 1 1 1 1 1 1 1 1 
T (C) 400 400.0003 400 400 400 400 400 400 400 400 
P (kPa) 101.325 101.325 101.325 101.325 101.325 101.325 101.325 101.325 101.325 101.325 
Molar flow (kgmole/hr) 1.00 1.22 1.00 1.22 1.00 1.00 1.00 0.97 1 1.11 
Mass flow (kg/hr) 25.98 25.98 26.25 26.25 22.24 22.24 51.2 51.2 24.24 24.24 
Molar entalphy (kJ/kgmole) -258666 -209600 -261660 -211486 -207339 -207668 -32765.8 -35952.6 -238886 -209768 
Molar entropy (kJ/kgmole C) 220.6878 205.9811 221.0032 206.0747 206.5036 206.7431 211.3844 212.9469 222.3613 206.3804 
Heat Flow (kJ/hr) -258666 -255291 -261660 -258214 -207339 -207408 -32765.8 -34820.7 -238886 -232811 
Mol Fraction 
 In Out In Out In Out In Out In Out 
Allyl Alcohol 0.0000 0.0004 0.0000 0.0000 0.0000 0.0000 0.0000 0.0325 0.0000 0.0000 
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Glycerol 0.1099 0.0000 0.1111 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
H2O 0.8791 0.9012 0.8889 0.9090 0.8889 0.8888 0.0000 0.0000 0.8889 0.8999 
H2 0.0110 0.0086 0.0000 0.0000 0.0000 0.0000 0.0909 0.0614 0.0000 0.0000 
Acrolein 0.0000 0.0888 0.0000 0.0900 0.1111 0.1100 0.9091 0.9061 0.0000 0.0990 
Acetol 0.0000 0.0010 0.0000 0.0010 0.0000 0.0012 0.0000 0.0000 0.1111 0.0011 
Molar flow (mol/hour) 
 In Out In Out In Out In Out In Out 
Allyl Alcohol 0.0000 0.0005 0.0000 0.0000 0.0000 0.0000 0.0000 0.0315 0.0000 0.0000 
Glycerol 0.1099 0.0000 0.1111 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
H2O 0.8791 1.0977 0.8889 1.1098 0.8889 0.8876 0.0000 0.0000 0.8889 0.9987 
H2 0.0110 0.0104 0.0000 0.0000 0.0000 0.0000 0.0909 0.0594 0.0000 0.0000 
Acrolein 0.0000 0.1081 0.0000 0.1098 0.1111 0.1099 0.9091 0.8776 0.0000 0.1098 
Acetol 0.0000 0.0012 0.0000 0.0013 0.0000 0.0012 0.0000 0.0000 0.1111 0.0013 
 
Table A.12: Simulation study via Aspen-HYSYS on allyl alcohol production 
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7.0 Partial experimental results of glycerol steam reforming at 300 
o
C 
 
Components 
Space-time of glycerol steam reforming at T=300 
oC, τ 
0.010 0.019 0.029 0.048 0.095 
Acetaldehyde 0.0000 0.0001 0.0000 0.0000 0.0000 
Propionaldehyde 0.0000 0.0000 0.0000 0.0000 0.0000 
Acetone 0.0000 0.0000 0.0000 0.0000 0.0000 
Acrolein 0.0000 0.0001 0.0000 0.0001 0.0000 
Methanol 0.0001 0.0002 0.0001 0.0000 0.0001 
2-Propanol 0.0000 0.0001 0.0000 0.0000 0.0000 
Ethanol 0.0000 0.0000 0.0000 0.0000 0.0000 
Propanol 0.0000 0.0000 0.0000 0.0000 0.0000 
Allyl Alcohol 0.0000 0.0003 0.0001 0.0000 0.0000 
Acetol 0.0000 0.0001 0.0000 0.0017 0.0006 
Glycidol 0.0000 0.0000 0.0000 0.0000 0.0001 
Acetic acid 0.0000 0.0000 0.0000 0.0002 0.0001 
Propionic acid 0.0000 0.0000 0.0000 0.0001 0.0000 
Ethylene Glycol 0.0000 0.0000 0.0000 0.0044 0.0005 
Propylene Glycol 0.0000 0.0000 0.0000 0.0001 0.0000 
Diethylyene Glycol 0.0000 0.0000 0.0000 0.0001 0.0000 
Condensation Products & Free Radicals 0.0027 0.0040 0.0058 0.0046 0.0130 
Glycerol 0.0000 0.0000 0.0000 0.0000 0.0000 
 
Table A.13: Aqueous phase products from glycerol steam reforming at 300 
o
C 
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Description cat/g 
T/ 
o
C 
D
a
te
 o
f 
E
x
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ts
 
WHSV 
Selectivity (%) 
C
O
/ 
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2
 r
a
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o
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2
 Y
ie
ld
 
%
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 i
n
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a
s 
&
 L
iq
u
id
  
1/WHSV H2 CO2 CO CH4 C2H6 C2H4 C3H8 C3H6 
50 mg Glycerol 300 C 0.05 
300 
08-Feb-12 104.8 0.010 1.20 0.00 0.07 0.01 0.00 0.00 0.00 0.00 - 0.08 25.3 
100 mg Glycerol 300 C 0.1 13-Feb-12 52.4 0.019 1.33 0.11 0.01 0.01 0.00 0.00 0.00 0.00 0.09 0.09 33.5 
150 mg Glycerol 300 C 0.15 20-Feb-12 34.9 0.029 1.01 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 44.7 
250 mg Glycerol 300 C 0.25 23-Feb-12 21.0 0.048 1.65 0.30 0.96 0.05 0.01 0.00 0.00 0.05 3.66 0.12 59.7 
500 mg Glycerol 300 C 0.5 15-Mar-12 10.5 0.095 2.33 1.00 0.31 0.06 0.00 0.02 0.00 0.03 0.33 0.16 71.9 
 
Table A.14: Gas phase products selectivity from glycerol steam reforming at 300 
o
C 
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